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PREFACE 


OuR aims, as expressed in the preface to the previous volume, have 
remained unchanged. It will be seen from the list of contents of this 
volume that we have continued to attempt to choose from the wide 
range of subjects which come under the heading of biophysical research, 
and to strike a fair balance between articles which are primarily devoted 
to physiological problems and those dealing more particularly with 
physico-chemical processes. In the former category we have articles 
on the physiology of hearing, on colour vision, on the axon surface and 
on the permeability of the red cell membrane. In the latter group will 
be found discussions of the mechanism of protein biosynthesis and of 
the synthesis of connective tissue components, the physical chemistry 
of DNA and the effects of radiation on its synthesis, and the electro- 
chemical properties of the bacterial surface. 

There is no need to apologize for the diversity of this biophysical 


menu, in which it is hoped that all our readers will find something to 
their taste. We believe that collections of critical reviews of this kind 
will help to provide a meeting ground for all those scientists who, in 
spite of their very different methods of approach, are concerned with 


the applications of physical principles to biology. 


London, October 1957 
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THE PHYSIOLOGY OF HEARING 


I. C. Whitfield 


I. INTRODUCTION 

THE gross anatomical arrangement of the auditory system is fairly 
well worked out and is much better understood than its functional 
mechanism. Aerial vibrations falling on the ear are received by the 
ear drum and transmitted to the inner ear by a system of bony levers, 
the ossicles, whose chief function seems to be to act as a matching device 
between two fluids, air and perilymph, though they probably fulfil 
other functions such as overload protection as well. The cochlea, which 
forms the auditory portion of the inner ear, consists of a spiral canal 
within the bone of the skull, and is divided into three channels or scalae 
by means of membraneous partitions (Figs. 1, 7). The two outer 
scalae communicate via a small hole, the helicotrema, at the apex of 
the cochlea, and each has a ‘“‘window” at the basal end opening into 
the middle ear cavity. The window of the scala tympani is closed by a 
membrane, while that of the scala vestibuli receives the end of the 
stapes (the last of the chain of ossicles) and it is by this route that the 
fluids which fill all the cavities of the cochlea are set into vibration. 
One of the two partitions which separate the three channels (REISSNER’s 
membrane) is a simple thin sheet of cells, but the other, the basilar 
membrane, is much more complex, and on account of its close associa- 
tion with the terminations of the auditory nerve has long been regarded 
as the key structure of the inner ear. 

This membrane, shown in cross section in Fig. 7, is about 35 mm long 
and varies in width from about 0-04 mm at the basal end to 0-5 mm at 
the apical end of the cochlear spiral. The membrane is surmounted by 
a complex structure, of which the arches formed by the rods of CortTI, 
and the hair cells have attracted most attention. The hair cells, as 
their name implies, bear hair-like processes projecting from their upper 
ends, and these hairs are attached to the overlying tectorial membrane 
(Fig. 7) so that relative movement of the basilar and tectorial mem- 
branes distorts the cell structure. The fibres of the auditory nerve are 
distributed to points along the whole length of the basilar membrane. 
Many connect with only two or three adjacent hair cells, but others 
run alongside the membrane for considerable distances, sending 
branches to many cells. There are some thirty or forty thousand of 
these nerve fibres in man. The central processes of the auditory nerve 
enter the brain stem, and each divides to send a branch to each of the 
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Fig. 2. Distribution of auditory nerve fibres in he cochlear nucleus. N.e. 


auditory nerve; G.v. ventral cochlear nucleus; ‘a. Tuberculum acusticum, 
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two main nuclear divisions, the ventral cochlear nucleus and the dorsal 
cochlear nucleus (tuberculum acusticum) (Fig. 2). The fibres appear to 
project onto the nucleus in a regular manner corresponding with their 
points of origin on the basilar membrane. From the cochlear nuclei, 
fibres pass across the midline, some relaying in other nuclei at this 
level, while some pass directly into the ascending pathway, the lateral 
lemniscus, which also contains relay nuclei. Some fibres enter this 
tract without crossing the midline, so that each pathway contains 


Medial geniculate body 


Lateral lemnisc 


Fig. 3. Dissection showing the arrangement of the nuclei and main pathways 
of the cat auditory system the connections have been gre tly simplified for 


clarity 


information derived from both ears. The fibres of the lateral lemniscus 
terminate partly in the inferior colliculus of the same side and partly 
in the medial geniculate body. There are connections between the 
two colliculi, and from each colliculus to the corresponding geniculate 


body. From the latter fibres project to the auditory cortex. This 
outline of the classical auditory pathway (cf. Fig. 3) by no means 
exhausts the details of the connections in the pathway itself, and in 
addition there is considerable evidence for the existence of connections 


reaching the cortex via collaterals to the reticular formation, and for 
descending pathways carrying impulses to the periphery. The relevant 
literature has been reviewed by GALAMBOS (1954). 

Early theories of hearing naturally concentrated on the ear itself. 
The inner parts of the ear were, in early times, thought to be filled 
with a special sort of air, and the ‘‘implanted air” hypothesis survived 
in various forms from at least the fifth century B.c. up to the eighteenth 
century. The idea of resonance in the cavities of the inner ear, which 


3 





THE PHYSIOLOGY OF HEARING 


grew out of this, dates from the early seventeenth century, and from 
1683 (the year in which Du VERNEY presented his study of the inner 
ear) onwards the resonance hypothesis developed hand in hand with 
the increased knowledge of the finer anatomical structure of the inner 
ear. By 1857, HELMHOLTZ was able to put forward a precise statement 
of the resonance hypothesis in terms of the minute structure of the 
basilar membrane. HELMHOLTZ regarded the tapered membrane as 
carrying a large number of transversely placed and independent 
resonating elements, each of which would be excited by a specific tone 
band, after the manner of the strings of a harp. As soon as the resonance 
hypothesis could be stated in sufficient detail to be experimentally 
tested difficulties began to arise however, requiring further assumptions 
to be made, so that within ten years the theory was being seriously 
questioned and quite other theories proposed. At first the rods of 
CorTI were regarded by HELMHOLTZ as the resonating elements, and 
when these proved insufficient in number to account for the number of 
recognizable tones, the role was transferred to the transverse fibres of 
the membrane itself. These too, soon proved inadequate, and the 
hypothesis was further criticized on the ground of the small ratio 
between the length of the shortest and longest fibres, so that other 
factors, such as loading and tension had to be postulated to maintain 
the hypothesis. Such tension has subsequently been shown not to 
exist. Finally experiments on the interaction between tones caused 
HELMHOLTZ to revise his theory to the extent of admitting overlap 
in the membrane responses to two discriminable tones. Thus by the 
1890s HELMHOLTZ himself had tacitly abandoned the specific resonance 
theory, and today, unless the word “‘resonance”’ is so widely defined as 
to be almost meaningless, nothing remains of the original beyond the 


general idea of a shift of excitation along the membrane with change of 
pitch. 
The development of theories regarding the role of the nervous system 


in hearing has been slower, paralleling the rather late emergence of 
detailed knowledge of that system. While the distribution of the 
auditory nerve to the cochlea became known in more and more detail 
between the sixteenth and nineteenth centuries, it was not until well 
after HELMHOLTz’s formulation of the resonance hypothesis (indeed, 
after it was being seriously questioned) that the role of the nervous 
system came to be considered. Although not the first to propose it, 
RUTHERFORD (1886) is usually regarded as the ‘‘father’” of the tele- 
phone theory. This theory suggested that the basilar membrane 
moves up and down as a whole in sympathy with the vibrations of the 
sound wave, after the manner of a microphone diaphragm, sending an 
impulse up the nerve for each cycle of the wave. While this theory 
gave a role to the nervous system in auditory analysis, its main effect 
4 
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was to deny the existence of peripheral analysis, rather than to suggest 
any nervous mechanism to replace it. Given that the nervous pathways 
could transmit impulses at the rates required, the theory merely 
transfers the whole problem to the cortex without in the least suggesting 
a solution. RuTHERFORD was able to show that musical notes from a 
tuning fork could be transmitted along a frog motor nerve and repro 
duced by the muscle, for frequencies up to two or three hundred cycles 
per second. Subsequent work has shown that maximal impulse rates 
in nerve fibres cannot exceed 500-1000 per second and are normally 
much lower than this especially within the central system. Thus even 
the auditory nerve itself, let alone neurones at higher levels, would be 
quite unable to respond at the rates required by high frequency sounds 
and the theory in its original form has been unable to survive. 

Of these two categories, the mechanical, peripheral-analysis, ‘‘place”’ 
theories, and the nervous, central-analysis, ‘frequency’ theories, 
many variants have been, and still are being, proposed in an effort to 
overcome the objections which have been raised against each. How- 
ever, with the accumulation of quantitative data on the properties of 
both the inner ear and the auditory pathway, it is possible to say with 
some certainty what does not happen, and so eliminate a good deal from 
the realm of the controversial. As a result, it has been established with 
reasonable certainty that neither the peripheral mechanism nor the 
central nervous system is entirely responsible for the phenomena of 
auditory analysis, and it seems at present that they play about equal 
parts in the end result. Thanks largely to the work of BEKEsy, we are 
now in a position to say how the inner ear behaves under stimulation 
even though there is still controversy as to the mechanism of this 
behaviour. Similarly, we now have considerable knowledge of the 
behaviour of at least the sub-cortical parts of the auditory nervous 


system, though here again the precise neural mechanisms by which 


these effects are achieved are matters of speculation. However, the 


overall picture is becoming clear and is, perhaps not surprisingly, 
showing considerable parallelisms with the behaviour of other sensory 
pathways. 


Il. Tor MrcCHANICS OF THE COCHLEA 


The detailed structure of the inner ear was worked out between about 
1760, when the idea of localization in a sensory membrane was being 
discussed, and about 1880, when, thanks to the work mainly of HENSEN, 
Corti, Drerrers, and others, the structure of the inner ear was known 
much as we know it today. This work laid the basis of HELMHOLT2’s 
detailed views on the behaviour of the cochlea. Most subsequent 
investigation has at least supported the view that the vibrations of 
the basilar membrane and its associated structures are the key process 
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in the hearing mechanism at a cochlear level. This conclusion has not 

been seriously questioned up to the present day, but almost every other 

aspect of the problem has been the subject of continuous discussion. 
The original HELMHOLTZ hypothesis postulated a set of virtually 


independent resonators distributed along the length of the basilar 


membrane, but the continuous nature of this membrane threw doubt 
at an early stage on the possibility of such independence. Two other 
classes of place hypothesis have been proposed. The vibrations may 
set up travelling waves with a position of maximum amplitude, or 
standing waves may be produced, with a variable number of maxima. 
The ‘telephone hypothesis’ demands that the whole membrane 
should move equally in phase at all points. B&Kisy (1956) has recently 
pointed out that a vibrating structure such as the basilar membrane 
may respond in any of these ways according to the parameters involved, 
and that it is not possible to predict the type of wave which will be 
produced without a rather precise knowledge of these parameters. 
B&xKksy has studied the effect of varying the elastic constants of the 
membrane. The first type considered is a ‘Helmholtz membrane”’ 
consisting of transverse strings with small lateral coupling, the stiffness 
varying by a factor of 100 from one end to the other, as occurs in the 
basilar membrane. The point deformation pattern is a series of narrow 
ellipses (Fig. 4a) with little spread, and giving a vibration pattern, when 
excited by a steady sinusoid, approximating to a system of independent 
resonators. 

Raising the absolute value of the stiffness, while keeping the stiffness 
gradient constant, results in the whole “‘membrane”’ vibrating in phase, 
since the system is then in a region where its displacement is dependent 
only on its elasticity and not on its mass. The displacement therefore 
varies linearly with length along the membrane (Fig. 4b). Since all 
points on the “‘membrane”’ are in phase, the result is independent of the 
lateral coupling, and the strings may be replaced by a sheet, or con- 
tinuous membrane. Reducing the thickness of this sheet and so 
reducing the stiffness results in a system with travelling waves which 
have a position of maximum amplitude. A still further decrease 
results in these waves travelling further before they disappear, so that 
reflections take place and a standing wave pattern is produced. Since 
it is possible to change continuously the parameters just considered, 
the four different types of response are merely special cases in a con- 
tinuum, and it is only possible to decide between them by direct 
observation and by precise measurement of the parameters concerned. 
It is interesting, as BEKEsy (1956) has also shown, that for transient 
conditions, the resonance, travelling wave, and standing wave con- 
ditions all tend towards the same pattern, which approximates to that 
of the travelling wave system for steady-state sinusoids. At very low 
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frequencies of excitation, all four systems are elastically controlled, 
and so conform to the telephone, or uni-phase response, the amplitude 
of displacement depending on the stiffness involved. Thus, according 
to this treatment, we should expect to find a travelling wave response 
for transients and a “‘uni-phase’’ response for low frequencies, with 
some response, to be determined, for higher frequency sinusoids. 

The stiffness of the basilar membrane has been investigated by 


Resonance 
Telephone 


Tra veiing 
waves 


Standing 


woves 


Fig. 4. The influence of variation of the elast ynstan f t basilar 


brane on the deformation and vibration patterns seKESY, 1956 


deforming it with a blunt needle (B&KEsY, 1956), and it has been found 
that the lateral coupling is too great to make the resonant type of 
vibration probable. Direct observation of the intact guinea pig cochlea 
with stroboscopic illumination shows the presence of travelling waves 
on the basilar membrane, but fails to reveal any point of the organ of 
CoRTI carrying out movements of a resonant type (BEKEsY, 1953a). 
BéKEsY (1949) has demonstrated by models and by direct observa- 
tion that the position of maximum amplitude of the travelling waves 
shifts with the stimulating frequency along the basilar membrane. A 
number of recent mathematical formulations (RANKE, 1950; ZwISLOCKI, 
1950; Prtrerson and Bogert, 1950; FLEercHEer, 1951), have, while 
making different assumptions to solve their equations, all produced 
results which substantially fit B&xésy’s observations. It is not pro- 
posed to examine these mathematical formulations here, since the 
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results are not crucial, and serve mainly to show how several somewhat 
different formulations can fit the observations to the degree of 
accuracy with which they are known—an accuracy which, it must be 
admitted, is not itself high, as we shall see in a later section. 


1. Evidence from electric potentials 

There is strong evidence that the cochlear microphonic potentials are 
closely associated with the mechanical movements of the basilar 
membrane, and that with suitable precautions, the locally recorded 








Fig. 6. Propagation of disturbance along the basilar membrane as determined 


by simultaneous oscillograms from points along the cochlear duct. Time lag 


and phase velocity data for a steady tone of 750 c/s. (Tasaxki, DAvis, and 
LeGoutx, 1952.) 


microphonies are an index of the local movement. Tasaki, Davis, and 
Lrecovurx (1952) have investigated the distribution of the cochlear 
microphonics in different parts of the cochlea. They drilled small 
holes (25 to 30 microns diameter at their point of entry) in the bony 
wall of the guinea-pig cochlea, and through these were able to insert 
pairs of fine wire electrodes into the basal, second, and apical turns of 
the cochlear spiral. Simultaneous recordings from the three pairs 
confirmed that the activity was distributed over the entire length of 
the membrane for low frequencies (but with the amplitude greater at 
the apical end), whereas for higher frequencies of stimulation, the active 
region gradually retreated until at 10 ke/s it was almost entirely 
confined to the basal turn (Fig. 5a). Furthermore studies of the phase 
relations showed that there was a progressive phase lag along the 
membrane which was approximately zero at low frequencies and 
became progressively greater for higher frequencies (Fig. 5b). Phase 
differences up to 57 were measured in this way. Fig. 6 shows the time 
delay and phase velocity plotted against distance along the membrane 
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for a steady tone. It was found, as expected, that the lag and velocity 
at a given point changed progressively with frequency of stimulation. 
On the other hand there was no measurable difference between the 
results obtained with pure tones and with tone pips. 

The results of these experiments are therefore entirely consistent 
with the observations and calculations of B&K&sy, and support his 
conclusions that the pattern of movement of the basilar membrane 
consists, for both short “‘transient’’ tones and for steady tones, of a 
travelling wave whose region of maximum amplitude is reached at a 
point further and further from the oval window as the exciting fre- 
quency is reduced, the amplitude falling rather sharply beyond that 
point. It also confirms that the phase lag is reduced to zero for low 
frequencies so that for these the whole membrane vibrates in phase, 
and, while having its maximum amplitude at the apical end, undergoes 
a significant vibration at all points. 

An objection which has been brought against the “travelling wave”’ 
theory is that normal function of the ear is not dependent on the 
exciting vibration being injected at the basal end of the membrane. 
Although the vibrations of the eardrum are normally transmitted by 
the ossicles to the oval window and hence excite the internal ear from 
this position, nevertheless such excitation is not essential. It is well 
known, for example, that normal hearing can take place by bone 
conduction where the whole bony capsule of the cochlea is deformed, 
and therefore not only the stapes but other parts of the wall of the 
cochlea serve to transmit vibration to the fluids within. WerEvER and 
LAWRENCE have investigated the matter experimentally and have 
shown (1952) that a “substitute stapes’ in the shape of a vibrating rod 
can be introduced through a hole in the wall of almost any part of the 
cochlear duct and the system will function normally. 


2. Direction of wave propagation 

It appears, therefore, that if the normal excitation of the organ of 
Cort! is a travelling wave phenomenon, then the direction of travel 
of the wave must be entirely a property of the vibrating system and 


independent of the position of the source from which it is driven. 
B&KEsy (1955a) has pointed out that, although in most everyday 
cases with which we are familiar, waves travel away from the source, 


there is no reason why they should not travel towards the source 
and he has quoted electrical and mechanical systems in which this 
occurs. 

He has examined the question of the ‘‘paradoxical” direction of 
wave travel in the cochlea, using a mechanical model consisting of a 
set of tuned reeds with progressively varying coupling between adjacent 
reeds. He finds that ‘‘paradoxical’’ propagation is only produced 
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when the driving force is applied over a considerable length of the reed 
system. He regards this as being due to the very rapid change in 
wavelength along the system, so that the effects of the force cancel in 
the region where the wavelength is short compared with the distance 
over which the driving force acts, but not where the wavelength is 
longer. This means that the driving force will always act preferentially 
on the stiffer parts of the system, and the direction of propagation will 
be determined. B&KEsy believes that a similar mechanism explains 
the effects found in the cochlea, the driving force being conveyed from 
any point of origin via the fluids to the whole membrane. The rate and 
direction of propagation of compression waves through the fluids of the 
cochlea are thus quite distinct from the rate and direction of the 


disturbance along the basilar membrane. 


3. Summary 

The type of vibration which a structure such as the basilar membrane 
can undergo is critically dependent on the relation between the various 
parameters of the system. Measurements of these parameters lead to 
the conclusion that the system would favour a travelling wave mode of 
vibration which passes over into an in-phase vibration of the whole 
membrane for low frequencies. Observation of the excited membrane 
by stroboscopic illumination gives an appearance consistent with the 
presence of travelling waves, but inconsistent with any local resonance 
in the true sense. Measurements of the relative phase and amplitude 
of the cochlear microphonic potentials in different parts of the cochlear 
channel support the travelling wave hypothesis. The way in which the 


properties of the basilar membrane change along its length, and the 


distinction between the rate of propagation of a disturbance along the 
membrane, and the velocity of a sound wave in the cochlear fluids 
could explain why the direction of the travelling wave is independent 
of the position of the driving force applied to the fluid. 


III. THe GENERATION OF ELECTRIC POTENTIALS 
IN THE COCHLEA 
There are at least two types of electric responses of the ear to sound 
stimulation. The first to be observed was the cochlear microphonic 
potential, a no-threshold response which is directly related to the 
stimulus frequency over the whole range of hearing (WEVER and Bray, 
1930). It was shown by Davis and Sauvt (1931) that this response was 
quite distinct from that of the auditory nerve, whose responses have a 
definite threshold and behave otherwise in a manner common to nerve 
trunks in general. The cochlear microphonics are recorded conveniently 
from the round window but they do not arise here, and attempts have 
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been repeatedly made to localize their site of origin. At various times 
since their discovery they have been regarded as anything from a 
fundamental link in the hearing process to an accidental by-product of 
the mechanics of the cochlea. 

By drilling small holes through the bony wall of the cochlea and 
inserting fine electrodes Tasaki, Davis, and LreGcourx (1952) were 
able to show that the maximum amplitude of cochlear microphonic 
potential is located in a different part of the cochlear spiral according 
to the stimulus frequency, and that the phase relations change systema 
tically as the electrode position is altered. Since the change of position 
of this maximum with frequency follows the same pattern as the 
corresponding change in the vibration of the basilar membrane as 
demonstrated by BEK&sy (1949) the evidence is strong that the cochlear 
microphonic potential is related to movement of the organ of Cort! 
and its associated structures. 

Many substances which are anisotropic exhibit the piezo-electric 
effect, that is to say alteration of their length along one axis results in 
an electric potential difference between the faces normal to that axis 
(and vice versa). The phenomenon is common in non-living and even in 
organic substances (e.g. quartz). It has been suggested that an effect of 
this nature might be responsible for the cochlear microphonic potentials, 


which therefore might or might not play an essential role in the hearing 


process. Support was lent to this view by the observation that the 
microphonics could be observed some time after the death of the 


animal, though the neural potential disappeared very rapidly. 


1. Steady electric potentials 

The mechanical energy involved in a threshold auditory stimulus is 
extremely minute, the movements being of atomic dimensions. This 
suggests the possibility that the vibrations serve to modulate some 
internal source of energy rather than to provide the energy for the 
microphonic potentials directly. The existence of oxidation-maintained 
steady potentials within most parts of living organisms is well known. 
BEKESY (1952a) has investigated the distribution of such d.c. potentials 
within the cochlea by means of a fine electrode which could be advanced 
through the various partitions with minimal damage. He found that 
(referred to the scala vestibuli) during penetration of REISSNER’s 
membrane the electrode was some 20 mV negative, but that when the 
membrane was perforated the potential jumped suddenly to about 
50 mV positive, and stayed constant within the endolymphatic space. 
HENSEN’s cells and the cells of CLaupivus had internal potentials of 
some — 40 mV, and when the basilar membrane was penetrated the 
potential fell back to about 2 mV and so remained within the scala 


tympani (Fig. 7). The best values found for the relative potential of 
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the endolymph were around + 80mV. These results have been 
confirmed by Tasaki, Davis, and ELDREDGE (1954) who are in sub- 
stantial agreement with BiKsy in all his findings except that they 
sometimes found relatively positive potentials within the stria vascu- 
laris, whereas those found by B&KEsy were consistently negative. 
The negative potentials of REISSNER’s membrane, the stria vascularis, 


Fig. 7. Diagrammatic cross-section of the cochlear duct, showing the relative 

d.c. potentials. The heavy line marks the limits of the endolymphatic duct. 

Note that the basilar membrane and hair cells are excluded from this region. 

(Drawn to illustrate data of Brrtsy, 195la, and Tasaxkr, Davis, and 
ELDREDGE, 1954.) 


and the cells of CLaupius and HENSEN are regarded by both groups 
of workers as the normal intracellular potentials which are a common 
feature of living cells. Tasakrt, Davis, and ELDREDGE also found 
negative potentials in the hair cells. It is the large relative positivity 
of the endolymph to which most interest attaches. This potential 
appears to be metabolic in origin rather than a concentration potential, 
since it is affected by anoxia but is, according to Tasak1, Davis, and 
ELDREDGE, unaffected by the introduction of potassium chloride into 
the perilymphatic space. According to SmirH, Lowry, and Wu (1954) 
the concentration of potassium in the endolymph is nearly twenty-five 
times as high as in the perilymph, so that raising the perilymphatic 
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concentration of potassium might be expected to affect the potential 
if it had an origin similar to the intracellular potentials. Furthermore 
the concentration of potassium in the endolymph approximates to 
that in the interior of a hair cell, yet there is a potential difference 
between these two of 120 mV. 

In order to investigate the relation, if any, of these steady potentials 
to the cochlear microphonic potentials, experiments have been carried 
out in which measurements were made during steady displacements of 
the membrane. Tasak1, Davis, and ELDREDGE (1954) using injection 
or withdrawal of fluid, displaced the cochlear partitions in three ways: 
(i) by negative pressure applied to the scala vestibuli (with the scala 
tympani exposed to atmospheric pressure); (ii) positive pressure 
applied to the scala tympani (with scala vestibuli exposed to atmos- 
pheric pressure); (iii) negative pressure in the scala vestibuli. Each of 
these procedures produces a movement of the basilar membrane 
“upward” towards the scala vestibuli; each caused a reduction in the 
positive d.c. resting potential. The reverse procedures, producing a 
“downward” movement of the membrane, resulted in an increase in 
the d.c. potential though this was smaller in magnitude than the 
corresponding fall. The effect seems to be markedly non-linear since 
increase in pressure in the scala tympani could effect a reduction of as 
much as half the resting value, whereas positive pressure in the scala 
vestibuli could only produce increases of the order of 10 mV, a value 
which was apparently limited by some intrinsic mechanism of the 
system since this value was reached for pressures considerably below 
the maximum which could be employed. 

BEKESY (1951) has investigated the d.c. potential by displacing the 
basilar membrane by means of a fine rod. He found that movements 
of the rod in the fluid above the basilar membrane did not affect the 


potential measured, but that as soon as the membrane was reached 
and displaced towards the scala vestibuli the potential of the scala 
tympani became relatively more positive. When the movement of the 


membrane ceased the changes in potential stopped also. The maximal 
“d.e. microphonic”’ which he obtained without injury to the membrane 
was 300 uV and a given value could be maintained for ten minutes or 
more. Thus there is a direct relation between the displacement of the 
membrane and potentials within the cochlea, and it seems possible that 
this mechanism is the source of the normal cochlear microphonics, 
B&kksy (1951) has in fact assumed this to be so in his calculations 
which show that the electrical energy produced by the displacement of 
the membrane exceeds the work done in displacing it, and hence 
brings this forward as evidence that the sound energy modulates an 
internal source to produce the cochlear microphonics, rather than being 
itself converted into electrical energy. However, there is evidence that 
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the relation between the steady potentials and the cochlear micro- 
phonics is more complicated than appears at first sight. 


2. Cochlear microphonic potentials 


Most of the structures of the cochlea have at one time or another been 
put forward as the source of the cochlear microphonics, but the 
tendency has been more and more to think of them as being related to 
some part of the organ of Corti itself. It is only within the last few 
years, however, that microtechniques have enabled the inside of the 


cochlea to be explored with sufficient delicacy to collect direct evidence 
about the variation of the microphonics from point to point. As has 
been stated in an earlier section TAsaki, Davis, and LeGourx (1952) 
were able, with fine wire electrodes inserted into different turns of the 
cochlea, to show that the position of the maximum amplitude of the 
microphonies varied with frequency, and thus that it was probably 
related to the degree of disturbance of the basilar membrane and its 
associated structures. More recently B&Ktsy (1952b) has explored 
the cochlea with a fine vibration pipette and recorded the relative 
amplitude of the cochlear microphonics. Most phase boundaries, both 
organic and inorganic, produce microphonic potentials if set into 
vibration, and the effect is found commonly in living systems. How 
ever, the aural microphonics are normally five or ten times larger than 
these potentials, and B&Kesy (1952b) has referred to them as ‘“‘first 
order’ microphonics to distinguish them from the second order micro- 
phonics of ‘‘passive” structures. B&iKEsY’s pipette consists of a fine 
glass tube filled with perilymph and set into vibration. With the 
pipette in the scala vestibuli, REISSNER’s membrane and the basilar 
membrane will vibrate in phase. If, however, the pipette perforates 
REISSNER’s membrane, then outward movement of fluid from the 
capillary will move RrISSNER’s membrane “‘upward”’ and the basilar 
membrane “downward,” i.e. the membranes will move in opposite 
directions. As the pipette was pushed through RErISSNER’s membrane 
the amplitude of the recorded microphonics decreased slightly, but the 
main response kept its phase, showing that REISSNER’s membrane 
contributed only ‘‘second order’? microphonics. On continuing the 
movement of the pipette tip until the basilar membrane was _ per- 
forated, the first order microphonic potential changed phase. When 
the animal was killed the “‘first order’? microphonics decreased in 
magnitude until they were comparable in magnitude with those from 
XEISSNER’S membrane. 

BEKEsY has also used a vibrating needle electrode (BEKEsy, 1952) 
to stimulate various parts of the cochlea and finds the largest micro- 
phonics produced when the outer rim of the tectorial membrane is 
touched. He has further investigated this response with a needle 
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which could be made to vibrate laterally along any line in the plane 
normal to its axis. He finds that with the needle placed at the outer 
edge of the tectorial membrane and normal to it, the microphonics are 
maximal when the vibration is in the direction of the fibres of the 
tectorial membrane and zero when vibration is in a direction at right 
angles to this (BEKEsy, 1953b) (Fig. 8). At the inner edge of the tec- 
torial membrane the position is reversed, the maximum microphonic 
amplitude occurring for vibrations approximately at right angles to 
the direction of the fibres. Midway across the membrane the maximum 
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Fig. 8. Directional sensitivity of the microphonics 
the tectorial membrane for 


dt 
en le 
ff 


y 
for a lateral vibrating 


needle on the outer, middle, and inner edges of tl 
both ears. The relative magnitude of the potential for deformations in a given 
direction is given by the length of the line, drawn in that direction, which is cut 
off by the circles. The arrows point the directions in which deformation makes 
an electrode on Reissner’s membrane positive with respect to an indifferent 


electrode in the neck. (B&K&Esy, 1953b.) 


occurs for a vibration direction parallel to the long axis of the tectorial 
membrane. The response to stimulation of the inner border disappears 
first. under anoxia, and this has been correlated with the greater 
sensitivity of the inner hair cells to anoxia as shown by methylene blue. 
When the “inner” microphonic potential has disappeared, radial 
deformation of the outer edge of the tectorial membrane produces 


microphonics in the same phase whether the membrane is “‘pushed’”’ 
by applying the needle near its centre, or “‘pulled’”’ by applying the 
needle at its edge. This would suggest that it is the shearing deformation 
rather than the applied force which is the adequate stimulus. This is in 
line with the experiments of v. Hoist (1950) who has demonstrated a 
similar state of affairs in the otolith organ of fishes. 

B&Ktsy (1952a) has performed experiments with a penetrating 


electrode to determine the specific resistances of the various parts of the 
(aural microphonic) and d.c. (steady) 


cochlea and to correlate the a.c. 
While the d.c. potential falls, as 


potentials in the different regions. 

previously mentioned, to a large negative value compared with the 

perilymph while the electrode is penetrating the cells of HENSEN and 
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Ciaupivs, and rises very sharply to a large positive value as the 
endolymphatic space is entered, the a.c. potentials increase only 
slightly, in a series of jumps, as the barrier is traversed and then 
increase suddenly to a large value as the endolymph is entered, falling 
again only after REISSNER’s membrane is pierced. From these observa- 
tions and the similarity of the distribution of the a.c. and d.c. potentials 
in the perilymph and endolymph, it is concluded that the sources ot 
the two must be very closely related, and situated close to the partition 
separating the scala media from the rest of the structures of the basilar 
membrane. The cells of CLauprus and HENSEN are, however, thought 
not to be involved in the a.c. potentials. 

TasAKI, Davis, and ELpREeDGE (1954) have performed similar 
experiments recording not only the amplitude but also the phase of 
the cochlear microphonics. They found an increase in the amplitude 
of the microphonics as the electrode penetrated the cells above the 
basilar membrane and an abrupt reversal of phase of the microphonics 
at the instant when the d.c. potential changed sign. These workers 
have been unable to substantiate a previous hypothesis (Davis, 1953) 
that the hair cells act as an ohmic resistance to modulate a current 
produced by a source in e.g. the stria vascularis, and now regard the 
hair cells as the direct source of both a.c. and d.c. components, 

The cochlear microphonics are reversibly abolished by slight increases 
in the potassium chloride concentration of the perilymph (Tasaxkr and 
FERNANDEZ, 1952). Further investigation has shown (TaAsakr, Davis, 
and ELDREDGE, 1954) that raising the potassium chloride concentration 
of the scala tympani alone is sufficient to produce the effect. This 
could be limited even to a single turn of the cochlea. If the hair cells 


are responsible for the production of these potentials it follows that the 
basilar membrane itself must be permeable to potassium, and that these 
cells are excluded from the endolymphatic space because the latter is 
filled with a fluid having normally a comparatively high potassium 
concentration. It is suggested that the reticular lamina is the true 


barrier separating endolymph from perilymph in this region. 

Although the d.c. potential between the endolymph and perilymph 
is not affected by a raised potassium chloride concentration in the 
scala tympani, yet the presence of this potential is a necessity for the 
production of the microphonics. Artificially increasing this potential 
difference by means of a polarizing current increases the amplitude of the 
microphonics, while reducing the potential difference by a reverse current 
decreases the microphonics (TAsak1, Davis, and ELDREDGE, 1954). Thus 
although the steady potential and the microphonicsseem to be very closely 
associated they are apparently not parts of an identical mechanism. 

One further piece of evidence has been provided by BiKisy (1951) 
in support of the view that the microphonics represent a modulation 
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of an internal power source rather than a direct conversion of mechanical 
into electrical energy. By pulling away magnetically a small iron 
sphere from REISSNER’s membrane the cochlear partitions were made 
to perform a damped oscillation. The oxygen supply to the animal 
was then reduced until the microphonic potentials disappeared. There 
was no change in the decay curve of the free oscillation as a result. 
This would seem to indicate that the electrical energy of the micro- 
phonics is not obtained from the mechanical energy of the vibrations, 
otherwise a change in the damping might be expected. 


3. Summary 


The cochlea consists of an endolymphatic space bounded by the 
limbus, REISSNER’s membrane, the stria vascularis, the surfaces of the 
sulcus cells, the cells of HENSEN and CLavupius, and the reticular 
lamina. This partition has a comparatively high electrical resistance 
and a low permeability to potassium, a substance which is present in a 
higher concentration in the endolymph than in the surrounding 
perilymph. These properties of the membrane are lost on the death of 
the animal. The cells of the organ of Corti have potentials of some 
40 mV negative to the perilymph, while the endolymphatic space is 
about 80 mV positive with respect to the same reference point. 
Displacement of the basilar membrane produces a shearing displace- 


ment between the tectorial membrane and the upper ends of the hair 
cells and at the same time causes a maintained change in the steady 


potential between the scala media and scala tympani. It is thought 
that this modulation of the potential is intimately connected with the 
production of the aural microphonics. Since the steady potential is 
affected by interference with metabolic processes but not by alteration 
of potassium chloride concentration, while the microphonics are 
strongly influenced by the latter, it is concluded that the mechanisms 
for generation and modulation of the potential, though intimately 
connected, are separate. The mechanical energy is apparently not the 
direct source of the electrical energy of the microphonics. 


[V. THe EiautH NERVE AND THE COCHLEAR NUCLEUS 

l. Activity in the auditory nerve 

The auditory nerve has proved one of the weakest links in our know- 
ledge of the behaviour of the pathway involved in hearing. Although 
the first electrical recordings of WEVER and Bray (1930) from the ear 
included neural responses, there is still no precise detailed information 
available about the pattern of activity in the nerve. This springs 
largely from its inaccessability. In its distal portion it is surrounded 
by the cochlea and difficult to reach without damage to that organ, 
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and its middle part is enclosed in the very hard and relatively inacces- 
sible petrous temporal bone; the intra-cranial part is so short that it is 
difficult to be certain that second order units are not involved. The 
original, and now classical, records obtained by GALAMBOs and Davis 
(1943) from the root of the auditory nerve were subsequently considered 
by these workers to involve second order neurones (GALAMBOS and 


Davis, 1948). 

Almost the whole of the available information on the behaviour of 
undoubted primary fibres comes from the work of Tasaxkt (1954). He 
approached the auditory nerve in guinea pig just beyond the point 
where it leaves the cover of the cochlea, by means of a 1 mm hole drilled 
through the bony wall. After cleaning the surface of the nerve, fine 
microelectrodes of tip diameter of < 0-5 ~ were inserted into the nerve 
fibres so exposed. Even with such very fine electrodes some damage 
resulted, and the fibres cannot be regarded as behaving entirely nor- 
mally. The appearance and disappearance of a resting potential 
occurred while recording spikes, and high rates of “‘spontaneous” 
discharge due to injury were initiated by the appearance of a resting 
potential. Furthermore it was not found possible to record from given 
fibres for longer than about 10 sec. However, in spite of the short- 
comings brought about by the difficulties of the task, a great deal of 
valuable information has been obtained from the experiments. 

l. 1. Relation between nerve impulses and cochlear microphonics. The 
experiments have provided information on the relation between the 
microphonic potentials and the initiation of the nerve impulse. Using 
a 290 c/s tone, it was found that all the single fibre spikes tended to 
occur within one-eighth of a cycle. Allowing for the conduction time 
in the nerve this would place the point of initiation slightly ahead of 
the negative peak of the microphonic cycle, that is to say with scala 
vestibuli relatively negative to scala tympani. This is regarded by 
TASAKI as indicating an increased (classical) current flowing from scala 
vestibuli to scala tympani, but how this can be so, even in terms of the 
now discarded hypothesis of Davis that the hair cells serve to modulate 
a current generated in the stria vascularis, is not clear. Supposing 
that the allowances for time delay are correct, which experiments at 
other frequencies suggest they are, the correct conclusion from the 
results is that the origin of the nerve impulse is contemporaneous with 
the point at which the potential difference between the scala media and 
the scala tympani reaches its /owest value, rather than its greatest. 
Neither conclusion provides any direct evidence that the microphonic 
potential is the immediate stimulus for the nerve fibres. As far as 
indirect support goes, it is as likely that the reduction of the inter-scala 
potential should form the stimulus, as that the converse should be true. 

For a stimulus frequency of 500 c/s, about half the fibres studied 
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responded at the same phase as in the case of the 290 c/s experiment. 
Among the other half, examples were found having the nerve impulse 
related to points within any of the other three quadrants. This could 
be due, as TASAKI suggests, to the fibres having originated in different 
parts of the basilar membrane, between which there are phase differ 
ences in the vibration patterns and in the cochlear microphonic 
responses. There is a good deal of variation from cycle to cycle in the 
relation between microphonic and nerve impulse even for the same fibre. 
Due to this variable latency there was no definite relation between 
the impulse and the microphonic at 2000 c/s and above. In view of this 
variability, large compared with the time of a half-cycle of the micro- 
phonic, the idea of the microphonics being a direct stimulus at high 
frequencies is harder to accept. 

Whereas the whole nerve response to short 500 c/s tone-pips of three 
or four cycles was fairly stable, it was found that the response of an 
individual fibre was much more variable. Apart from the variable 


latency already referred to, each pip in a train of identical 500 ¢/s 


| 
i 
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stimuli did not always elicit one nerve impulse per cycle or even a 
constant number of impulses per stimulation, but showed a response 
varying quite randomly between three and zero. When the intensity 
was low, responses appeared only once every two or three pips. It 
would appear therefore that the overall stability seen in the whole 
nerve response is of a statistical nature. 

1. 2. Frequency response of single fibres. Owing to the short time for 
which the fibres could be held it was possible to examine the frequency 
response only with tone pips, which had an overall length of about 10 
milliseconds and whose envelope increased and decayed exponentially 
during this time. Since there is no point at which the sound amplitude 
remains constant from one cycle to the next, the results are not strictly 
comparable with the steady state stimuli which have been used at 
higher neural levels, but nevertheless they provide a stimulus which 
should not be too different, at the basilar membrane level, at least, 
from that provided by steady-state experiments. In an experiment 
where speed is essential, the measurements are complicated by the 
fact referred to above, that near threshold the fibre does not necessarily 
respond to every pip. However, by using an automatic intensity 
frequency scanning system, it was possible to devise a display which 
gave an approximate indication of the frequency/threshold-intensity 
relation (Fig. 9). Complete data could be obtained only in a few cases 
but these agreed in giving curves with a fairly sharp cut-off on the high- 
frequency side and a rather slow rise of threshold on the low-frequency 
side. Sumi, Katsukt, and Ucutyama (1956) claim to have recorded 
from individual units in the auditory nerve of the cat for periods of 
many minutes, and find response curves of the same general form as 
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those of Tasakr. However, no details as to stimulus duration, or 
recording site are given, and it is not even certain, according to the 
authors, that all were undoubted primary units. 

1, 3. Threshold categories. In examining twenty-six different fibres 
with tone pips at such an intensity level that they would respond over 
a range of 500-8000 c/s, Tasaxt (1954) found that they could be 
divided roughly into two groups—those which responded with one or 
two impulses per pip, and those which responded with four to six 


Sound pressure 








Frequency 


Fig. 9. Responses of a single auditory nerve fibre of the guinea pig to tone pips 
of different frequencies and intensities. Dotted line shows boundary of the 
response area. (TASAKI, 1954.) 


impulses per pip. The second group contained about twice as many 
fibres as the first, and only one fibre fell outside one or other of the 
groups. It is possible, indeed likely, that difference in response is due 
to a difference of threshold of the two groups. No direct measurements 
of threshold were made, and so the magnitude of this difference—if it 
exists—is unknown. Davis (TASAKI, 1954) has suggested that these 
two groups of fibres might take origin from the inner and outer hair 
cells respectively, since these groups of cells might on mechanical 
grounds be expected to have different thresholds for an external sound. 

1. 4. Inhibition. No experiments comparable to those of GALAMBOS 
and Davis (1944) on the root of the cat auditory nerve appear to have 
been carried out on undoubted primary units to determine the inter- 
action of one tone with another. However, TAsAxkt (1954) reports that 
inhibition of spontaneous activity by any type of sound stimulus was 
never observed in his experiments. Neither was it observed in the 
xxperiments of Tasaki and Davis (1955). Inhibition of the whole 
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nerve response has, however, been described in the cat by GALAMBOS 
(1956) as a result of stimulation of the efferent bundle of RASMUSSEN 
(1946) in the floor of the fourth ventricle. GALAMBos has carefully 
investigated and eliminated the possibility of the effect being mediated 
by other pathways or by some middle ear effect, and the conclusion 
seems inescapable that stimulation of the bundle produces this inhibi- 
ting effect at the cochlear level, while leaving the aural microphonics 
apparently unchanged. RasmussEN (1953) has traced the efferent 
fibres among the spiral fibres of cochlea, but could not find any direct 
evidence about their termination. The view that they terminate on 
the inner hair cells has not been definitely established. 

A rather surprising aspect of the observations concerns the very 
long latencies involved. GAaLAmBos found that there was no trace of 
suppression until 20-40 msec after the commencement of stimulation 
of the efferent pathway, and the suppression continued to increase over 
the first 300 msec before reaching its full value. Similarly on cessation 


of the stimulus, the suppression continues for 30 or 40 msec and then 


gradually disappears within about 500 msec, though in some cases it 
may be as long as two seconds before the normal response is restored. 
A time course of this sort is not usually associated with a direct nervous 
pathway involving no synaptic connections or neurone pools, and one 
can only speculate on what may be the nature of the action at the 
nerve terminals. It is also very hard to see what role, if any, a 
mechanism with so much “‘inertia’’ could play in the normal hearing 
process involving as it does, time scales of the millisecond order. Such 
questions must await further experiment for their solution. 

1. 5. Non-stimulable activity. In addition to the undoubted presence 
of spontaneous activity in many of those fibres of the auditory 
nerve which respond to sound stimulation, Tasaxt (1954) found some 
fibres which exhibited activity entirely unaffected by any sound 
stimulus which he was able to use. These seemed to form a compact 
bundle and may have been either fibres of the vestibular division of 
the nerve, or possibly the efferent bundle of Rasmussen (1946) 
referred to above. 


2. The cochlear nucleus 

The cochlear nucleus is the first point in the auditory pathway at which 
the nervous system can play a role in the hearing process, apart from 
simply transmitting data from one point to another. HiLaLi and 
WHITFIELD (1953) commenced their study of the part played by the 
nervous system in auditory analysis by examining the input/output 
relations of this nucleus, it having become evident that the behaviour 
of the auditory system could not be interpreted in terms of the peri- 
pheral mechanism alone. In order to avoid picking up responses at a 
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functionally unknown point, these authors recorded from the efferent 
pathway of the ventral cochlear nucleus, rather than from points 
within the nucleus itself. They first investigated the possibility of 
there being “neuronal resonators’ within the nucleus, which might 
preferentially pass one frequency or a small band of frequencies. Such 
a “resonator” might for example consist of a ring of neurones with a 


specific time of circulation for impulses. Only impulses fed into the 
system in a certain relation to this period would be effective, impulses 


“out of step’ falling into refractory regions. There was no evidence 
for such a mechanism, however, since single units in the efferent 
pathway still responded over a wide band of frequencies at moderate 
intensities, and there was no trace of “‘after discharge”’ or finite decay 
time, as might have been expected from a resonator system, on ter- 
minating the stimulus. Rather was there a “‘silent period” in which 
even the spontaneous activity was suppressed. 

Records from within the nucleus itself had already been made by 
GALAMBOS, RosE, and Huaues (1951) and also from what were sub- 
sequently held to be aberrant cells of the cochlear nucleus in the famous 
experiments of GALAMBOS and Davis (1943). The findings of H1ILa.i 
and WHITFIELD (1953) differed from these in that the discharges in the 
efferent pathway were more irregular, of comparatively lower mean 
frequency, and were less dependent on stimulus intensity than were 
those found at more peripheral points. One effect of this is that while 
the threshold/frequency response curves are similar to those found 
earlier in the pathway, the curves become progressively ‘“‘squarer’’ at 
higher intensities. It was suggested that these transformations were a 
general result of a convergent system of primary neurones—activity 
in an efferent unit being dependent on the pattern of activity in a 
number of afferent fibres. ALLANSON and WHITFIELD (1955) have 
examined the implications of this hypothesis in more detail. A diffi- 
culty arose at the outset because no precise data were available on the 
intensity/frequency relations of undoubted primary fibres. The detailed 
results of GALAMBOS and Davis (1943) obtained from the auditory 
nerve, are thought to be derived from second order cells. TASAKI 
(1954) in records from the primary nerve fibres in the guinea pig 
obtained threshold/frequency curves which showed a much more 
gradual slope on the low frequency side than did the “‘second order” 
results of GALAMBOS and Davis in the cat. On the other hand, Tasaxki 
and Davis (1955), recording from what they considered to be second 
order fibres from the cochlear nucleus of the guinea pig, found a similar 
gradual slope on the low frequency side, so that on this evidence 
one could well argue that the slope was a characteristic of the species 
rather than of the neurone order. However, there is no doubt from our 
observations that the overall effect of the cochlear nucleus is to increase 
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the steepsidedness of the activity distribution curves (Fig. 10). This 
results not from any change in the threshold/frequency response curves, 
but from a sudden rapid increase in the discharge rate to near maximum 
as soon as a unit is excited at all. Such a process must involve the inter- 
action of large numbers of neurones and we think that outlying cells of 
the cochlear nucleus, where little integration has taken place, may have 
responses not very dissimilar from primary fibres, while yet being 
strictly second order neurones. The fact that Tasaxt and Davis 
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Fig. 10. Distribution of activity in the : 
at two different intensity levels, 
discharge rate. The fibre distribution is exp 


frequency” of each fibre. (A.N., root 


(1955) had difficulty in distinguishing their first and second order 
fibres in the guinea-pig cochlear nucleus except by latency measure 
ments underlines this point. The results of GaALAMBos and Davis 
(1943) were taken by ALLANSON and WHITFIELD as approximating to 


the input pattern, but their general conclusions are not invalidated by 


using a set of input data with a threshold/frequency relation of the 
type found by TasakI. 

Information on the histological structure of the cochlear nucleus 
has come mainly from the work of CasaL (1909) and LORENTE DE 
No (1933). Although not quantitative, this work showed that the 
incoming branches of the auditory nerve divide and are distributed 
to the cochlear nucleus in a predominantly regular manner, each 
fibre being associated with many cells of the nucleus (ef. Fig. 2) 
Estimates in the cat of the cell population of the ventral cochlear 
nucleus and of the number of efferent fibres leaving it (WHITFIELD, 
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1956a), indicate that the converse must also be true, and that there 
must be a considerable convergence of primary fibres on any given 
efferent unit. This is a consequence of the number of fibres in the 
efferent pathway being of the same order as that in the afferent path- 
way. ALLANSON and WHITFIELD (1955) studied the implications of the 
simple convergence hypothesis of H1LALI and WHITFIELD in a structure 
of the type shown in Fig. 11 where the “‘overlap”’ figure is of the order 





Fig. 11. Schematic diagram of network simulating distribution of auditory 
nerve fibres to second order neurones. Each input gives 400 branches to 
functionally adjacent output neurones. 


of several hundred, as the histology suggests. Taking into account the 
relative refractoriness of the cell after firing and assuming that ten 
“hits” in the shape of input pulses were required in order to cause a 
cell to fire an output pulse (as evidence by Brock, Coomss, and 
Eccues (1952) suggests) they calculated the resulting output pattern. 
They found that although the response curves for the efferent fibre 
array had the correct width and steepness, the calculations gave 
efferent pulse rates many times those found experimentally—calculated 
values running up to a thousand pulses a second. Although the ability 
of the cell to fire would set a limit before this point was reached, the 
experimentally found mean pulse rates are well below those of which 
the cells are capable, so that this is not a limiting factor. (Considerable 
care is required in measuring the true normal response rates of cells. 
The effect of the close proximity of an electrode can be—without 
producing a thoroughgoing injury discharge—greatly to increase both 
24 





THE EIGHTH NERVE AND THE COCHLEAR NUCLEUS 


the rates of spontaneous and evoked discharge.) Raising the number 
of “‘hits’’ required to produce an output pulse to around 80 gives 
efferent discharge rates of the right order, but such a high figure is 
not only improbable in itself, it brings in its train the converse difficulty 
in that it fails to produce response curves of the correct shape, the num- 
ber of active fibres being very much reduced compared with the 
input. Various other schemes involving internuncial neurones, either 
interpolated or as collaterals were examined, but no realistic scheme 
was found which would fit the experimental facts. ALLANSON and 
WHITFIELD therefore concluded that any simple convergence scheme 
of this sort is inadequate, and some additional mechanism must be 
involved. The network would provide the correct input output 
relations quite readily if the number of “‘hits’’ required for an output 
pulse varied directly with intensity. Now the number of “‘hits’’ which 
are effective could be varied by introducing inhibitory pulses, which 
would have the effect of raising the number of input pulses required 
for an output pulse. Inhibitors with a relatively higher threshold 
would produce a change in the required direction. Since there is much 
evidence for inhibition at the level of the cochlear nucleus (GALAMBOS 
and Davis, 1944: Wutrrretp, 1955), a combination of convergent 
interaction, and inhibition as a means of producing the observed 
input/output relation would form an acceptable hypothesis. The exis- 
tence of inhibitory fibres in the auditory nerve has often been postu- 
lated (Huaarys, 1953). Tasaxt (1954) has provided evidence for two 
groups of auditory nerve fibres, differing in threshold. It is of course 
unfortunately not possible to decide by recording from it whether the 
impulses which a fibre is carrying are going to be excitatory or inhibi 
tory at their destination; they may in fact produce one effect in one 
place and the opposite effect somewhere else. 

ALLANSON and WHITFIELD examined the effect of various sources 
of inhibition in their scheme and concluded that, in view of the necessity 
for the network to be valid for any frequency, the inhibition must 


originate from the same frequency region as the corresponding excita- 


tion. Inhibitory fibres in the primary array could be made to produce 
the desired result, but only if the difference of threshold were very 
small (of the order of two or three decibels). Since the individual 


random variations of threshold between fibres seems to be much 
greater than this, it was felt that the requirements were rather critical 
for the system to be a likely one. This was the only reason for rejecting 
it, and the rejection is in no way other than tentative, pending further 
data. Another possibility is that the excitatory afferents might them- 
selves act as inhibitors via inhibitory internuncials, or that collaterals 
of the efferent fibres might act in a similar way. Of the alternatives 
examined, ALLANSON and WuitrieLp found that the network 


25 





THE PHYSIOLOGY OF HEARING 


employing inhibitory internuncials excited by the afferents themselves, 
could be made most closely to fit the experimental data while at the 
same time allowing very wide variations in the values allotted to the 


various parameters; the others required a rather critical fixing of 
several parameters, unlikely to occur in fact. The long suspected 


possibility that there are descending pathways from the higher to the 
lower parts of the auditory system has received new support from the 
recent work of GALAMBOS, SHEATZ, and VERNIER (1956), and such 
fibres might be yet another source of inhibition—one that cannot yet 
be quantitatively examined owing to lack of data. Whatever its 
precise anatomical mechanism, the results clearly suggest that inhibi- 
tion plays a fundamental role in the normal transformation process 
effected by the cochlear nucleus. Direct proof of this would necessitate 
studying the effect of modifying the inhibition in some way. Attempts 
to do this by drug action have so far failed (ALLANSON and WHITFIELD, 
1956) in spite of the trial of a considerable number of likely substances. 

2. 1. Inhibition in the cochlear nucleus. Inhibition of auditory 
nervous activity by sound was first observed by GALAMBOs and Davis 
(1944) in recording from cells at the root of the auditory nerve. This 
was in fact one reason which made them suspect that they were dealing 
with second order neurones. They observed that spontaneous activity 
in a unit could be inhibited by an appropriate sound, and that the 
response evoked by one tone could be inhibited by the simultaneous 
sounding of a second tone. Occasional sets of conditions were found 
where the stimuli were interchangeable, i.e. either tone would stimulate 
when sounded alone, but the addition of the second inhibited the re- 
sponse. This ‘mutual inhibition’’ has been studied in the efferent 
pathway of the nucleus by Wuirrretp (1955) who found that fibres 
stimulated by frequencies different from their characteristic frequencies 
could often be inhibited by a frequency on the ‘‘other side” of the 
characteristic frequency, such exciting and inhibiting frequencies, 
being interchangeable. It is suggested that a possible function of this 
mechanism is to preserve the identity of two separate active fibre 
arrays. Since the responses are much more nearly independent of 
stimulus intensity in the efferent pathway than in the primary neurones, 
the touching of the edges of two active arrays would, in the absence of 
inhibition, result in an activity pattern indistinguishable from a 
much louder single tone of intermediate frequency (ALLANSON and 
WHITFIELD, 1955; WHITFIELD, 1956a), (Fig. 12). As stated above, 
it has so far proved impossible to modify this inhibition by chemical 
means, either by systemic or direct application of the drugs. 

There are interesting parallels between the auditory system and 
other sensory systems with regard to the effect of mutual inhibition 
and the sharpening of response areas produced by the nervous system. 
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KUFFLER (1952) has found in the retina that a ganglion cell may be 
excited by either of two adjacent patches of light on the retina, but is 
partially inhibited when both patches are illuminated simultaneously. 
The close correspondence between this, in spatial terms, and the mutual 
inhibition just described, in frequency terms, will be evident. 

BEKEsyY (1955b) has used the skin of the forearm as a sense organ 
for feeling the position of maximal disturbance in an artificial cochlear 
model. Although the membrane disturbance had a very flat maximum, 
thus spreading stimulation over a large part of the forearm, the sensa- 
tion produced was much more localized and had well defined edges. 


| 
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Fig. 12. Each vertical line represents 10-20 fibres, and its height the mean dis- 
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charge rate in those fibres. The afferent array is stimulated by tones 
whose frequencies correspond to the peaks in the hibiti 


in the region of “overlap” of the responses res its in a gi in the output 


pattern (b), so that the active regions remain distinct HITFIELD, 1956a.) 


It suggests therefore that these “sharpening mechanisms” are not 
unique to the auditory system, but are common perhaps to sensory 
pathways in general. 

2. 2. Function. The ventral cochlear nucleus, at least, seems to be 
a mechanism for correlating and integrating the information which is 
distributed among the fibres of the auditory nerve. This process is 
apparently carried out by the cross-connecting and _ inhibitory 
mechanisms referred to above. The effect of passage through the 
nucleus is to delimit more precisely those fibres which are active from 
those which are not. In a system where there is much spontaneous 
firing, it is an obvious advantage to do this at the earliest possible 
stage. Since the pulse frequencies in the output are much less a 
function of stimulus intensity than they are at the periphery, we can 
say to a first approximation that frequency information is carried by 
which fibres are active and intensity information by how many, the 


edges of the active array carrying the bulk of the information. The 


various active groups involved are kept as separate entities through 
“mutual inhibition” of intermediate fibres. The changing pattern of 
activity in the array of fibres may therefore look something like 
Fig. 13(a) which has a very similar appearance to the sound spectrograms 
of visible speech (Fig. 14). These spectrograms are obtained by passing 


or 
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the speech sounds through a set of band-pass filters, and are recorded 
so that frequency is represented by the transverse position of the 


record on the paper and intensity by the blackness of the record. In 
the auditory display of Fig. 13, the intensity is represented by the 


width of the mark, rather than its ‘“‘blackness”’ since the filter response 
is all-or-none, but the analogy is obviously close. The similarities 
between patterns such as those of Fig. 13a and 6 (similarities on which 
the higher centres could conceivably operate) suggest for the first 
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Fig. 13. The change in the position of active fibre 


way beyond the cochlear nucleus as the stimulus changes. (a) and (b) illustrate 


ups in the auditory path- 


two different ‘“‘spectrograms’’ with common features. (ALLANSON and 
WHITFIELD, 1955.) 


time an explanation of why ‘“‘formants” and similar properties of a 
sound are more important in the recognition of musical instruments 
and speech sounds than are the details of the harmonic patterns of the 
waveforms. 

While the general behaviour of the ventral cochlear nucleus is thus 
clear, there are many points about the system which remain obscure. 
For example, the auditory nerve in the cat sends branches of each 
fibre into the second division of the cochlear nucleus, the tuberculum 
acusticum. This has, in addition to a separate efferent pathway, a 
very close inter-relation with the ventral cochlear nucleus, fibres 
passing in both directions. What mutual influence these two adjacent 
nuclei have on each other is quite unknown, but it must be one which 
is very different in different species. The dorsal cochlear nucleus in 
man, for example, which corresponds to the tuberculum acusticum, 
is separated from the ventral nucleus by the restiform body, and the 
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interrelationship between the two nuclei must be much more tenuous. 
Again, although in general the differences between the input and 
output in the ventral nucleus are as given above, it must be readily 
admitted that there are many units which show “‘aberrant”’ behaviour. 
Thus, some units in the cat can be excited only by gliding tones and not 
by a steady tone of any frequency. Some units show absolutely no 
change of firing rate as a function of intensity above a low value; most 
show small changes and some, quite marked changes. Many units 
show mutual inhibition, but many others can be inhibited only by a 
frequency either above or below the exciting frequency, but not both; 
yet others cannot be inhibited by any frequency in the audio range. 
Is the variation due to the random variation of individual connections 
in a generally orderly system, is it the result of variable experimental 
interference with descending pathways, or do these different types of 
behaviour serve some deliberate function in the overall picture? A 
statistical survey of large numbers of units would be most useful here, 
but is rendered extremely difficult because of the fragmentary nature of 
the information which can usually be obtained from any one unit during 
the time it can be held. Similar problems arise at other levels. 


3. Summary 

The auditory nerve trunk carries activity in a band of fibres whose 
rates of discharge represent the state of vibration of that part of the 
basilar membrane from which they arise. This means that the threshold/ 
frequency response curve for a single fibre rises slowly on the low- 
frequency side and rapidly on the high-frequency side. The distribution 
of activity in the whole array of fibres due to a single stimulus frequency 
is the inverse of this curve. The threshold/frequency curves on the 
efferent side of the cochlear nucleus are similar to those on the afferent 
side, but owing to the lesser dependence of discharge rate on stimulus 
intensity, the curve showing distribution of activity in the fibre array 
has steeper sides and is flat-topped compared with its afferent counter- 
part. A network following the histological structure in having 
considerable convergence of adjacent channels and inhibition via 
collateral pathways, can account for the observed transformations. 
There are several possible sources for this inhibition. In a system 
depending on the interaction of very large numbers of neurones 
connected with overall regularity, but small-scale randomness, it is to 
be expected that ‘“‘outlying” neurones will be anomalous and those on 
the input side may behave indistinguishably from primary units, 
even though technically of second order. The existence of ‘‘mutual 
inhibition”’ in the nucleus ensures that the separate identity of different 


groups of active fibres is maintained. The overall effect is to produce 
an output with similar properties to a sound spectrogram. 


29 





THE PHYSIOLOGY OF HEARING 


V. THe UPPEeR-BRAINSTEM NUCLEI AND THE CORTEX 

Single unit studies have been carried out on both the inferior colliculus 
(THurRLow, Gross, Kemp, and Lowy, 1951; Ervunkar, 1956; Sumi, 
Katsuki, and Ucutyama, 1956) and on the medial geniculate body 
(Gross and THurtow, 1951: GaLampBos, 1952: GatLamBos, Rose, 
3ROMELEY, and Hucues, 1952). While on many points there is a sub- 
stantial measure of agreement between experiments, there is a large 
field over which there is wide variation in the results obtained, even 
from different animals in the same series. We see here in an aggravated 
form the unpredictable differences in behaviour which were referred to 
as a complicating factor at lower levels. There are of course two factors 
operating which may be expected to cause a greater variability at this 
level. One is the comparatively greater direct effect of anaesthesia, 
which will certainly tend to interfere with normal function and to do so 
to a variable extent. The other is that, whereas the existence of 
descending pathways which influence the detailed action of, say, the 
cochlear nucleus is still rather speculative, the presence of such fibre 
bundles reaching the upper-brainstem nuclei in large numbers is well 
established, so that interference with the cortex is almost certain to 
have some effect on the behaviour of the nuclei. However, there seems 
at the moment no way of avoiding this difficulty, and we can only 
proceed in the hope that the behaviour has not been radically changed 
by the conditions of the experiments. 


l. The inferior colliculus 
There is general agreement, both for this nucleus and for the medial 
geniculate, that click stimuli are the most effective in eliciting unitary 


responses, with onset-tones next, and steady tones a poor third. 
THURLOW ef al. (1951) also used gliding tones and thermal noise which 


they found more effective than steady tones but less so than clicks. 

It is also agreed, again in common with the medial geniculate body, 
that the latency of the response to clicks or tonal onset varies inversely 
with the intensity. Gross and THurLow (1951) found that the latency 
of the spike response varied from 6-6—16-4 msec. ERULKAR (1956) 
finds that the number of spikes in a response to a click varies directly 
with the intensity. Click stimuli delivered to either ear may activate 
the same unit, though such activation may require a stimulus intensity 
3-11 dB greater from one ear than the other. He also finds that if two 
stimuli are delivered in succession, one to each ear, there is an absolute 
unresponsive period to the second stimulus lasting from 8-150 msec 
according to the ear stimulated first and the strength of the second 
stimulus. 

THURLOW et al. (1951) found threshold/frequency response curves 
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very similar to those found at lower levels, but ERULKaR (1956) has 
found not only units with this type of curve, but also units with a 
much narrower response band. Sumi ef al. (1956) found units pre- 
dominantly of the “narrow” type. Of these units, they report that those 
which responded to click or onset-tone stimuli only, had lower thresholds 
than those responding to continuous tones. The units responding to 
continuous tones showed rapid adaptation, and the increase of discharge 
rate with increase in stimulus strength is reported to be less than at 
lower levels. On the other hand THuRLOw ef al., in their wide-range 
units, reported considerable changes in discharge rate with stimulus 


intensity. 





kes/stimulus (mode) 
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Fig. 15. The band of frequencies within which a tonal stimulus will inhibit 
click responses in a particular unit in the inferior colliculus. (ERULKAR, 
privately communicated.) 


All three groups of workers report the ‘“‘masking”’ of click responses 
by tonal stimuli. ERvuLKAR (1956) has studied the effect in detail and 
finds that there is a well-defined band of frequencies within which the 
click response is abolished. On each side of this band there is a rather 
narrow transition region separating the inhibitory band from the 
non-inhibitory parts of the spectrum. Furthermore the width of the 
inhibitory band varies with stimulus intensity (Fig. 15). This effect 
would seem to be a consequence ot the well-defined nature of the band 
of fibres shown by HiLatt and WHITFIELD (1953) to be activated by a 
pure tone at the trapezoid body level. 


2. The medial geniculate body 

The behaviour of the medial geniculate body as recorded under 
anaesthesia (GRoss and THURLOW, 1951; GALAMBOS, ROSE, BROMELEY, 
and HuGueEs, 1952; GALAaMBOS, 1952) parallels in many ways that of 
the inferior colliculus. Thus there is the same superiority of clicks over 


pure tones as a stimulus for the units, and the same great range of 


latency of response, which decreases with increasing stimulus intensity. 
Similarly it is possible to suppress the click response with tonal stimuli. 
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Other effects show the same sort of variability as is found in the 
inferior colliculus. 

The latencies of the majority of spike responses to clicks lie within 
the range of 5-15 msec, but values up to 125 msec are found. The 
latency shortens with increasing stimulus intensity especially near 
threshold, being relatively independent of intensity for loud clicks. 
The opposite effect is occasionally seen. The effect of intensity varia- 
tion on the number of spikes has also been studied. At near-threshold 
levels not every stimulus produces a spike, and when there is a spike 
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Fig. 16. Average number of spike responses evoked by a click, as a function of 
intensity (full line), and percentage of clicks which evoke any spike, as a 
function of intensity (dashed line). (Constructed from data of GALAMBOS, 
Roser, BROMELEY, and HuGuHEs, 1952.) 


response, one to five or more spikes may be elicited, varying from 


event to event even for a constant stimulus. By averaging over large 
numbers it is possible to plot the percentage of responses against 
intensity, or the mean number of spikes per response against intensity 
(Fig. 16). It is seen that except at near-threshold values, the response 
is on average independent of the stimulus intensity. Individual units 
may show rising or falling characteristics. 

The responses of long latency suggest arrival by a separate pathway 
especially as the same unit may respond twice to the same stimulus, 
once with a latency within the early group and again with a latency 
falling in the late group. GaLamBos et al, (1952) found some units in 
the medial geniculate body which exhibited repeated bursts of activity 
lasting a second or more. These bursts might be either “spontaneous,”’ 
or initiated by a stimulus. In a case where such bursts were initiated 
by clicks, these workers found that they obtained a spike response of 
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short latency, followed after an interval of some 70 msec by a second 
spike discharge which marked the beginning of one of the prolonged 
bursts of activity. Bremer and Bonnet (1950) found similar responses 
to auditory stimuli in the medial geniculate body of the unanaesthetized 
encéphale isolé after decortication. That such effects are closely 
connected with the arousal responses mediated by the reticular system, 
is a distinct possibility. 

Both Gross and Tuurtow (1951) and GanampBos (1952) find 
threshold/frequency response curves of the standard wide type in the 
medial geniculate body, i.e. similar in shape to those found at lower 
levels. GALAMBOS however reports some narrow response curves. No 


definite correlate between frequency response and anatomical position 
could be found. The rate of firing is low (< 100/sec) and the units 
show rapid adaptation. The responses obtained by GatamBos for 
short bursts of tone lasting one or two hundred milliseconds show an 
initial discharge of two or three spikes followed some 50 msec later by 


a continuous discharge. The rate of this late discharge varied with 
intensity. It also varied in a similar sort of way when the effective 
length of a pulse of constant peak intensity and total duration 100 msec 
was varied by changing the rate of onset and decay. It would appear 
that stimulus durations of less than 100 msec are insufficient to establish 
steady state conditions at such a high neural level in the anaesthetized 
cat. For comparison, subjective data in man indicate that a duration 
of 20-100 msec is required for secure pitch perception (DovuautTy and 
GARNER, 1947; TURNBULL, 1944). 

Both wide and narrow bands of tones were found which could 
suppress the click response (GALAMBOS, 1952) and in some instances 
there were for the same unit two frequency bands where this occurred. 
Small increments of as little as 6 db in intensity could change a tone 
stimulus having no effect into one producing complete inhibition of 
the click. This may be related to ERvuLKAR’s observation at the 
inferior colliculus, that the rather sharp edge of the inhibitory band 
changes its position with intensity, and therefore small intensity 
changes could in favourable circumstances carry a given unit inside or 
outside the array of active fibres. 


3. Slow wave responses 


GALAMBOS et al. (1952) discuss in some detail the possible implications 
of the slow wave response in the medial geniculate body. These waves 
are commonly seen at all neural levels when recording click responses 
with microelectrodes. Their form seems however, to be less variable 
at higher levels than it is at lower. GALAMBOS describes three com- 
ponents of the slow wave at the medial geniculate level. An initial 
positive deflection, followed by a negative deflection and later by a 
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smaller positive deflection at the active electrode. These three deflec- 
tions can vary independently of each other. The first positive wave can 
be recorded at points remote from cell bodies, and has been correlated 
with the arrival of the approaching volley of impulses. The negative 
wave is best recorded from among cell bodies and could possibly 


represent summated spike potentials, but in view of the small recording 
field and the occurrence of such waves without spike discharge, it may 
represent some other process such as a slow depolarization of the cell 


soma. The second positive phase typically follows a repetitive discharge 
to a click or the onset of a tone, and spike discharges are usually absent 
during this phase. The whole question of the relation between spike 
discharges and slow potential changes within nuclei is little understood, 
and cannot be pursued here, since it would divert us too far from our 
main topic, into the field of general neurology. It is, however, a problem 
which will have to be solved before we can hope to understand 


thoroughly any individual system. 


4, The auditory cortex—tonotopic localization 

The extent of the cortex which is directly associated with auditory 
stimuli has been examined by a number of groups of workers, amongst 
them BREMER and Dow (1939), WooLsEy and Wauzt (1942), RosE and 
WootseEy (1949), Tunrurr (1950) and Hryp (1953). Most studies 
have been on the cat, but work has also been done on the dog and 
monkey. Woo.tsry and Wauzt stimulated electrically points on the 
spiral lamina of the ear and recorded the resultant activity on the 
cortical surface. They found an orderly projection along an axis 
parallel with the middle ectosylvian gyrus, with the projection of the 
apex of the cochlea posteriorly and the base anteriorly. There was 
however considerable overlap of the excited areas. They also mapped 
out a second cortical area lying ventro-laterally to the first, in which 
the projection was reversed. Rosk and Woo.sry studied the connec- 
tions of the medial geniculate body to the cortex, and found an orderly 
projection from the thalamic level on to the primary auditory cortex. 
They could not find that there was a similar direct projection to the 
secondary auditory area. Roser (1949) carried out cytoarchitectural 
studies of the auditory cortex in the cat, and concluded that the primary 
auditory area stretched posteriorly only as far as the position of the 
posterior ectosylvian sulcus. Only this region receives an essential 
projection from the medial geniculate body, as shown by retrograde 
degeneration studies. The status of the dorsal part of the posterior 
ectosylvian gyrus is not altogether clear. It seems to be structurally 
the same as the secondary auditory region, and like it to lack the direct 
medial geniculate projection. Both this region and the secondary area 
are activated more readily after treatment of the primary area with 
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strychnine. The dorsal part of the posterior ectosylvian gyrus appears 
to respond to low frequencies and therefore not to fit directly into the 
arrangement of the secondary areas (KaTsuKI, UcHtyAMA, WATANABE, 
and Maruyama, 1956). Workers who have used tonal stimulation 
have in general confirmed the arrangement in its broad outline although 
the placement of the locus of particular frequencies and the degree of 
spread and overlap of the response areas varies very widely according 
to the animal used and the experimental method employed. All the 
experiments have been done under anaesthesia, and it is usually 


Fig. 17. Composite diagram of the distribution 

frequency response, shown on the right auditory corte 

of the areas AI (primary area), AII (secondary 

ectosylvian area) are defined by the dotted lines 

h.f., high frequencies; Jl.f., low frequencies; 
anterior ectosylvian sulcus; ep, posterior ect 


difficult to get a response to a steady tone, so that onset tones have had 
to be used. Some of the experiments have been done under the topical 


application of strychnine which again probably interferes with normal 
function. BREMER (1953), working on the unanaesthetized encéphale 
isolé was unable to find any localization for steady tones, but noted that 


when a particular point was fatigued by one tone and no longer 
responding, it would immediately respond to a different tone. The 
main conclusions are summarized diagrammatically in Fig. 17. A third 
auditory area rostral to AI has been described (Tunturi, 1945) but 
little is known about it so far except that it is possibly an ‘“‘association 
area,” 

TunTuURI (1952) has found on the auditory cortex of the dog, evidence 
for a spatial co-ordinate for intensity. He finds that in addition to 
the spatial frequency relation along a line parallel with the long axis 
of the middle ectosylvian gyrus, there is an intensity axis at right 
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angles to this such that a weak tone activates only the upper part of the 
gyrus, near the supra-sylvian sulcus, while stronger tones cause the 


activity to spread downwards until a band of units is involved. Each 
point in the band is activated in an all-or-nothing manner, as it is 
added to the total, which accords again with the observation of on-off 
responses in the input channels. A curious feature of the observations 
is that the spatial correlate of intensity was only found for stimuli 
presented to the homolateral ear. The corresponding result for stimu- 
lation of the contralateral ear was independent of intensity. TUNTURI 
doubts if the observed effect is related to loudness, since the range of 
the intensity function is 70 dB less than the range of loudness. Masking 
experiments lead him to conclude that the number of active elements 
along the frequency axis, as well as along the intensity axis, is important 
as a correlate of loudness. He has shown (TuntTurRI, 1955b) that the 
spread of activity along the frequency axis is about doubled, when the 
stimulus strength is raised from threshold to + 40 dB. 


5. Single unit studies on cortex 
ERULKAR, Rose, and Davies (1956) have investigated the activity of 
single cortical units under anaesthesia, and Katsuki, UCHIYAMA, 
WATANABE, and Maruyama (1956) have recorded from such units 
after almost complete recovery from the anaesthetic. ERULKAR et al. 
studied the effect of varying the depth of anaesthesia and found that 
deepening anaesthesia increased the latency and reduced the response 
of units, but that different units showed very different degrees of 
responsiveness at the same anaesthetic level, and that some units 
responded quite securely even at the deepest levels of anaesthesia. 
They found that of over 400 units studied under light anaesthesia, 
about a third were totally unresponsive to sound stimuli. Half were 
only erratically responsive (i.e. did not respond every time the best 
stimulus was given) and only about one-seventh responded well enough 
to enable quantitative studies to be made. Katsuki et al. report that 
few units showed spontaneous activity, so that it is not possible to 
assess the proportion of unresponsive units, if any, under their conditions. 

ERULKAR et al. found that their units responded to click stimuli by 
discharging one or more spikes in a similar manner to those studied by 
GALAMBOS in the medial geniculate body. There were considerable 
variations in latency, and the latencies recorded fell into three distinct 
groups—early responses between 5 and 12 msec, intermediate between 
15 and 40 msec, and late responses between 80 and 250 msec. Some- 
thing like two-thirds of the units measured belonged to the early 
group but the same unit might respond twice, once in the early group 
and once in the late group. Latencies varied with stimulus intensity, 
as at the medial geniculate level. 
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Most units responded with one or at most two spikes, but occasionally 
repetitive discharges of up to four or five spikes were seen. Since the 
responsiveness is affected so much by anaesthesia it is not possible to 
say to what extent the anaesthetic modified the observed results, but the 
number of the responses was certainly affected by stimulus intensity, 
there being an intensity range in which the responsiveness was optimal 
and outside which it declined to zero. The authors state that ‘“‘it is 
typical for most units to decline in responsiveness precipitously when 
the intensity of the stimulus approaches a critical value.’ For a fraction 
of the units this decline appeared on the high intensity as well as on the 
low intensity side. The correspondence with behaviour found at the 
medial geniculate body is thus close. 

ERULKAR et al. found that about 40 per cent of all their responsive 
units did not respond to click stimuli but were activated by tones or 
complex sounds of long duration. Some of these units responded only 
at the onset of tones while others discharged for longer periods (Fig. 18). 
Even those which responded only to onset-tones were sensitive to the 
frequency of the tone concerned. Off-effects were not seen, although 
Katsuki et al. claim to have found units showing this type of response 
in addition to the other two. The latter workers found only very few 
units responding to continuous tones. The tonal inhibition of clicks 
is seen, as at lower levels, though the strength of the effect does not 


seem to be quite so marked. 


6. The unanaesthetized cortex 

Work has been carried out on the unanaesthetized cortex by BREMER 
(1953) who employed the encéphale isolé and by WHITFIELD (1958, 
1957) who used implanted electrodes in intact animals. Both sets of 
workers used surface electrodes. 

Responses to clicks consist of a triphasic wave which is first surface 
positive then surface negative and finally shows a small surface positive 
wave (c.f. medial geniculate body). This response is similar for both the 
encéphale isolé and the intact animal. The response to pure tone 
stimulation may, in the encéphale isolé, be either a low-voltage fast 
activity or a rhythmic high-amplitude response of up to 70 ¢/s. Only 
the former type of response has been seen in the intact animal, and even 


then it is sometimes only transient, possibly due to a failure of 


“attention.’ 

BREMER failed to find any tonal localization by means of surface 
electrodes, but did observe that when a particular position was 
fatigued to one tone it could still be excited by a different tone. 

WHITFIELD (1955, 1957) has employed a different method. He argued 
that if a band of afferent fibres to the cortex is excited by a given tone 
and a different, albeit overlapping, band is excited by an adjacent tone, 
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there should be a corresponding shift of activity in the cortex when a 
change is made rapidly from one to the other. Frequency modulated 
tones of constant intensity were employed and a component in the 
electrocorticogram could be detected corresponding to the frequency 
of the modulation envelope. The effect can be recorded from a given 
electrode over quite a wide range of central frequency at moderate in- 
tensity, and this together with data on the phase relations of the wave 
suggests that a particular point activated by a frequency of, say, 5000 ¢/s 
is involved by stimuli of all adjacent frequencies over a range of about a 
thousand cycles. The area of the cortex activated by any given frequency 
would of course be correspondingly large. Preliminary studies of the 
phase relations of the response for different relative positions of the 
activity and the electrode confirm that the effect is a true lateral shift of 
the active region and not simply a waxing and waning of activity in a 
fixed area. Like the pure-tone response, this response to frequency- 
modulation is rather labile and changes from minute to minute, often 
being completely absent for quite long periods. This too may be a matter 
of “attention” in the animal. 

Macoun and his school (1950) have shown that auditory stimuli 
are capable of arousing an animal from sleep even when the direct 
auditory pathway is cut at the mid-brain level. It is presumed that 
collaterals of the auditory system enter the brainstem reticular forma- 
tion and hence reach the thalamo-cortical system by a separate route. 
That the effects thus produced react in turn on the behaviour of the 
direct auditory cortical pathway is shown by experiments of BREMER 
(1953) in the encéphale isolé. He found that the response to a click 


in the primary auditory area was very much smaller just after a call 


had produced an arousal response in the cortical rhythm, than was the 
response to a similar click applied during the drowsy state. The same 
effect was produced by the sounding of a continuous tone, but here we 
have the complicating effect of suppression at the midbrain level 
to take into consideration. However, it is evident that the ‘‘set’’ 
introduced by the cortico-thalamo-cortical systems of fibres influences 
profoundly the response to activity of the primary projection pathways. 


7. Summary 

Single unit studies of the inferior colliculus and the medial geniculate 
body under anaesthesia reveal common points in the behaviour of the 
two nuclei. Thus, clicks and other abrupt stimuli are superior to sus- 
tained tones as stimuli, and the units show rapid adaptation to the latter 
when they do respond. Increase in stimulus intensity shortens the 
latency of the response and increases the number of spikes discharged 
(which is small). The greater part of this increase takes place just above 
threshold, the response being more nearly independent of intensity for 
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strong stimuli. There is considerable individual variation in the 
responses. Both wide and narrow threshold/frequency response curves 
are found in those units which respond to tones. The response of a unit 
to clicks can usually be inhibited by stimulation with a tone lying 
within a sharply delimited frequency band. 

There appear to be at least two, if not three, auditory areas in the 
cortex. Of these only the primary has been shown to have a direct 
spatial projection from the medial geniculate body. Most methods of 
approach to the problem confirm some tonotopic organization of the 
auditory cortex with high frequencies located anteriorly and low 
frequencies posteriorly in the primary area. Estimates of the degree 
of precision of the localization and the amount of overlap vary very 
greatly from experiment to experiment, but general indications are 
that the distribution of activity for a given tone is more widespread in 
the normal than in the anaesthetized animal. 

Responses from single units in the cortex show considerable varia- 
bility both in latency and discharge pattern. Many units respond 
only to tones, others only to clicks, Adaptation appears to be rapid, 
and most units do not fire more than one or two spikes per stimulus, 
Those units which respond to tones do so only for a limited band of 
frequency, and similar limited bands of frequency are effective in 
suppressing click responses. Considerable variations in response are 
produced by alteration in the depth of anaesthesia. 


VI. GENERAL CONCLUSIONS 

The situation at the cochlear level as a result of stimulation of the ear 
by a simple tone now seems fairly clear. Data from direct observation, 
and studies of the amplitude and phase relations of the cochlear 
microphonics, all point to the existence of a travelling wave on the 
basilar membrane, which reaches a maximum amplitude at some point 
and then rapidly dies out. The point at which this maximum amplitude 
is reached is displaced further and further from the stapes as the 
frequency falls. For very low frequencies this point reaches the far 
end of the cochlear spiral and all parts of the membrane vibrate in 
phase. The exact distribution of the disturbance for a given frequency, 
and the highest frequency at which the whole membrane vibrates in 
phase probably vary from species to species. 

There is a steady potential difference between the scala media and 
the scala tympani which is apparently the result of purely metabolic 


processes. This potential is modified by displacement of the basilar 


membrane, and the energy of the sound vibration thus modulates this 

source of chemical energy to produce the cochlear microphonic poten- 

tials. Up to about a thousand cycles per second there is a close relation 

between the occurrence of a nerve action potential in an auditory 
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fibre, and the phase of the microphonic potential, and the latter has 
been regarded by some workers as the immediate stimulus for the 
former. However, a direct relationship has not been established, and 
the possibility of this being so at high frequencies is doubtful. 

Although information about the auditory nerve itself is scanty, it 
seems fairly certain that the distribution of activity in the fibres com- 
posing the nerve trunk reflects the amplitude envelope of the travelling 
wave on the basilar membrane. Like most primary sensory pathways, 
the auditory nerve fibres respond with a rate of discharge which is a 
direct function of the strength of the stimulus, so that those fibres 
arising from the part of the membrane with the greatest amplitude of 
vibration discharge at the highest rates, and an increase in the strength 
of the sound stimulus increases the number of active fibres. Thus the 
information falling on the ear is already encoded in terms of which 
fibres are active, and at what rate each is discharging. Even though 
diffusely carried, all the auditory information entering the nervous 
system must pass through this channel and so must be contained in the 
code. 

There appear to be two populations of afferent fibres, of high and 
low threshold, which may serve different functions. An efferent path- 
way from the region of the superior olive to the cochlea can modify 
the auditory nerve response, but is so slow in operation that its possible 
function is obscure. 

When we examine auditory nervous activity beyond the point at 
which it has passed the synaptic interruptions of the first cell station, 
we observe two changes in the response. Firstly, the rate of firing gets 
progressively less as we ascend the system; secondly, the rate of firing 
of a unit becomes in general less dependent on the strength of the 
stimulus, the changes being small and being, especially at high levels, 
in either direction. 

It is evident that the intensity of the stimulus can no longer be 
mediated by pulse rate, the variable in a fibre now being simply whether 
or not it is active. Since the general tendency in passing through 
repeated synaptic connections seems to be for the pulse rate pro- 


gressively to fall and to become very irregular, and since there is a 


greater tendency for a pulse to be the result of “‘spontaneous”’ activity 
somewhere in the system rather than to arise from the stimulus, it is 
obviously an advantage to have this two-state property in the high 
level fibres. We are, nevertheless, aware of intensity changes subjec- 
tively, and they must therefore be coded in some other way. What the 
nature of this intensity coding may be is seen by a study of the output 
from the ventral cochlear nucieus. The threshold/frequency response 
curves are similar to those ahead of the nucleus, but owing to the very 
fact of the lesser dependence of firing rate on stimulus intensity, a map 
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of the firing rate of fibres within the array shows a rather sharp 
demarcation between each edge of the active fibre band and the 
surrounding inactive fibres (Fig. 10). Since the fibres still have a 
primary-type threshold/frequency response curve, increase in intensity 
of the stimulus will widen the band of active fibres concerned, while 
change of frequency will shift the entire active band to a new position 
in the fibre array. The frequency and intensity information is thus 
carried by the relative positions of the boundaries between the active 
and inactive regions. A hypothesis of this type fits in well with our 
knowledge of the general properties of the nervous system, which is 
better fitted for the detection and utilization of discontinuities than the 
location of broad maxima or minima (WHITFIELD, 1956b). The exis- 
tence of mutual inhibition effectively prevents the coalescence of two 
contiguous active blocks of fibres and so preserves the identity of 
separate but simultaneous stimuli. 

The histological structure of the cochlear nucleus seems to be well 
suited to bringing about this type of transformation. Although its 
detailed structure is very varied there is an overall regularity in the 
branching and distribution of fibres in the input which by means of a 
combination of excitation and inhibition can produce just such a 
result as is observed. Inhibition appears to be a necessary part of the 
process, but whether this is derived from a separate inhibitory input 
from the periphery, from within the nucleus itself, or from some 
descending pathway is uncertain. That the interaction of very large 
numbers of neurones is required to produce the result is supported by 
the observation in the guinea-pig that the responses from second-order 
fibres near the input end of the cochlear nucleus are barely distinguish- 
able from those of first-order fibres except on grounds of latency. Thus 
there is nothing in the crossing of the synaptic break as such which is 


important; it is the possibility of interaction between large groups of 


cells which makes a nucleus important. The discussion of whether 
such neurones are formally first, second or nth order is an exercise 
which might now well be abandoned, and attention concentrated on 


the relation of the neurone to its surroundings. 


1. Pitch discrimination 

There can be no doubt that the auditory cortex is not essential for 
frequency discrimination in those animals at the same developmental 
level as the cat, whatever may be the case in man; widespread and 
bilateral removal of auditory cortex, involving both the primary 
projection areas from the thalamus and the various secondary areas, 
does not abolish tonal discrimination. (ALLEN, 1945; Evarrs, 1952; 
Meyer and Wootsry, 1952; Tunturi, 1955a, etc.). Only very 
widespread decortication, involving regions outside the auditory area, 
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seems to abolish such discrimination. The results are in general 
agreement with LASHLEY’s principle of cortical equipotentiality and 
would suggest that there is at least the organizational basis for auditory 
discrimination at the thalamic level. No simple tonotopic arrangement 
has been demonstrated physiologically in the medial geniculate body 
but since there is an orderly projection from it to the primary auditory 
cortex such an organization could be inferred. 

Although it is technically easier to record from a nucleus than from 
a fibre tract, there is much more uncertainty about the precise functional 
level being examined. Since the nuclear transformations need the 
interaction of large numbers of cells, it is never certain what aspect of 
the transformation has been observed. Thus the wide and narrow 
response-bands found at the thalamic level may, if they are not 
experimental artifacts, represent different stages of transformation. 
Since the activity in the fibre array arriving from lower levels has most 
of its information concentrated in the relative position of its two edges, 
it may be that there are units which respond only in the transition 
region of these edges. Such units would respond of course over a 
comparatively narrow band, and simplify the problem of recognition 
of the pattern (see WHITFIELD, 1956a). 

Although the excitation of units at the thalamo-cortical level is so 
comparatively difficult, the inhibitory effect of tones on click responses 
can be constantly elicited and is well maintained. Since the unit whose 
click response is inhibited by a given tone can also often be excited by 
the same tone, the effect has been regarded as demonstrating a rivalry 
for the unit concerned. It seems evident, though, that it is really just 
another example of the mutual inhibition seen at the trapezoid body 
level, and may in fact be simply a reflection of what has already taken 
place there; this would account for the non-adaptation of the effect. 
Since the click activates the whole array of fibres, the region excited 


by the tone is necessarily a region of ‘“‘overlap”’ (Fig. 12), and the whole 
tonally stimulated region is inhibited in an attempt to prevent 
coalescence of active groups. The distribution of the inhibitory 


frequency band would thus represent exactly the band of fibres excited 
by the tone at the lower level. 


2. “Low pitch’? mechanisms 

A problem which remains completely unsolved is the status of the 
“frequency theory” for low frequency stimuli. Certainly as far up as 
the trapezoid body level, even though the neural discharge is irregular, 
each pulse bears a fairly definite relation to a particular phase of the 
exciting sinusoid provided this is in the region of a few hundred cycles 
per second. What the situation is at higher levels is unknown though 
from a single published picture by Gross and THurRLow (1951) of a 
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response to 250 c/s (without a record of the stimulus sinusoid) it 
appears unlikely that there could be much useful relationship. That 
a mechanism for interpreting stimulus-frequency on a non-place 
basis should exist seems inescapable; fish, for example, which have no 
cochlea, are capable of distinguishing between such stimuli. 

LICKLIDER (1955) has discussed the ‘‘problem of the missing funda- 
mental” and its general relation to place theories of hearing. The 
reader must be referred to that paper tor an account of the psycholo- 
gical experimentation on which his conclusions are based. In brief 
summary, the findings are as follows. A subjective low-frequency tone 
an be generated by the interaction of a suitable combination of high- 
frequency stimuli; there is evidence that this low-frequency is not 
present at the basilar membrane since a “real” low-frequency 
sinusoidal stimulus can be masked by low-frequency noise, whereas 
the “subjective” tone is not. It appears that any waveform with 
pronounced valleys at the appropriate recurrence frequency will give 
rise to such a subjective tone. I have observed in recording from units 
in the trapezoid body that when stimulus of a frequency to which the 
unit responds is permitted to beat with an adjacent tone, the impulses 
in the discharge are grouped with the periodicity of the beat frequency. 

An interesting point about the subjective tones is that they are, 
according to most workers, clearly distinguishable in quality from a 
“real”? tone of the same frequency; in fact, under certain conditions 
it is possible to hear both at once, as separate phenomena. This would 
suggest that whatever mechanism is involved it is not identical with 
that employed for ‘“‘real”’ low frequency stimuli. 

Experiments on the thalamo-cortical part of the auditory system 
have not, so far, of themselves provided any information about the 
general nature of the functional mechanism of these regions. Some 
experiments suggest very considerable localization of function, while 
others almost equally strongly refute it. Neither have such experiments 
thrown much light on even the relative roles of the thalamic and 
cortical levels in the hearing process. On the other hand many of the 
apparent anomalies fit quite rationally into, and are even necessary 
for, some of the schemes of higher nervous function which have been 
proposed by mathematicians who have studied the problems of pattern- 
recognizing networks. The problem is, of course, one of general 
neurology, and the most profitable line of further investigation would 


seem to lie in experiments on these regions designed to test the 


mathematical hypotheses put forward. 


3. Feedback mechanisms 
The chief observations on the effects of descending pathways in the 
auditory system are those of GALAMBOS and his co-workers. GALAMBOS 
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(1956) has demonstrated the effect of the efferent pathway of Ras- 
MUSSEN in suppressing activity in the auditory nerve, and GALAMBOs, 
SHEATZ, and VERNIER (1956) have shown that conditioning a cat by 
subjecting it to repeated regular click stimuli over a long period (days 
or weeks) results in the disappearance of click responses at various 


levels, from the cochlear nucleus upwards. Giving single strong 
shocks along with the click stimulus resulted in the reappearance of the 
click response, which could be repeatedly extinguished and renewed 


in this way. 

Both the effects described are rather slow acting processes which 
alter the general “‘set”’ of the afferent system. So far no effect operating 
on the same time scale as that characterising the ascending pathway 
has been demonstrated, so that there is no evidence that these pathways 
are essentially involved in what we ordinarily consider as the hearing 
mechanism, Should such an involvement be demonstrated it would 
of course necessitate a very considerable revision of ideas about hearing 
mechanisms and of the methods by which they can be studied. 
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HUMAN COLOUR VISION 
G. &. Brindley 


I. INTRODUCTION 
CoLovurR vision is a function not of the retinal receptors alone, or of the 
retina alone, but of the whole of the visual pathway, which begins at 
the rods and cones and is customarily regarded as ending at the striate 
cortex; though there is no defining property which would exclude 
from it any part of the nervous system capable of being influenced, 
however indirectly, by a visual stimulus. The anatomical complexity 


of this pathway is such that it is, for the most part, only concerning the 


most peripheral and simplest part of it that well-defined physiological 
hypotheses, capable of being closely correlated with experiments, have 
been put forward. Simple and exact reasoning, based on clear hypo- 
theses largely restricted to the most peripheral part of the pathway 
and keeping close to the experimental data, seems to the author much 
more useful at present than looser and more general arguments, and on 
this ground, the subject-matter of the present review has been severely 
limited. Hypotheses are regarded as satisfactory only if they are 
expressed in physico-chemical and anatomical terms, and not by 
means of concepts introduced specially for their expression; and if 
experiments can be devised by which, if they are false, they can in 
principle be disproved. A few hypotheses which do not fulfil these 
criteria are discussed, but where possible modifications or subdivisions 
of them are suggested to which the criteria may be applied. 

A small but increasing part of the experimental data on which 
discussion is based consists of objective observations and measurements 
of the kind familiar in other branches of physiology. A larger part of 
the evidence, however, is taken from the results of psychophysical 
experiments, that is, experiments in which an essential part of the result 
is a subject’s report of his own sensations. To data of this kind, even 
stricter criteria are applied than to hypotheses, and without allowing 
any exception. An experimental result is admitted only if it takes one 
or other of the following forms: 

(1) The physically different stimuli A and B, under conditions X, 
Y, cannot be distinguished by the eye; or (2) the physically different 
stimuli A and B, under conditions X, Y, can be distinguished by the 
eye. Experiments in which all the data are of the first form are called 
matching experiments. The most important types of experiment in 
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which data of both forms are considered are determinations of absolute 
and differential thresholds. 
As a result of the restrictions imposed, certain observable phenomena 


which have a kind of objective reality, in that independent observers 
agree, more or less, in their descriptions of them, remain entirely 
neglected. This neglect of phenomena for the expression of which the 
subject must describe his sensations, or abstract from the total quality 
of two different sensations some aspect in which they are alike, is held 
to be justified on the ground that such phenomena provide only very 
insecure evidence concerning visual mechanisms. It is in principle 
impossible that a hypothesis expressed in physicochemical and anato- 
mical terms be conclusively contradicted by an experimental fact the 
elements of which are descriptions of sensations. The weak presumptive 
evidence which such a fact can provide for or against such a hypothesis 
is best disregarded as long as there remains a possibility of testing the 
hypothesis either by data conforming to the criteria stated above, or 
by purely objective data such as those considered in Section XI. 


Il. THe Trichromacy or Normat Human CoLour 
DISCRIMINATION 


The most striking single fact about our discrimination of colour is our 
ability to match perfectly certain simple binary mixtures which are 
spectroscopically very different. For the senses of hearing and smell, 
the number of distinguishable qualities of sensation is immensely large, 
and it is not generally possible to imitate one smell or sound exactly by 
a mixture of a number of different ones. For the eye, on the other hand, 
the number of distinguishable qualities (excluding spatial and temporal 
variations) is much smaller; and given any four lights, whether 
spectroscopically pure or not, it is always possible to place two of them 
in one half of a photometric field and two in the other half, or else 
three in one half and one in the other, and by adjusting the intensities of 
three of the four lights, to make the two halves of the field appear indis- 
tinguishable to the eye. This property of human colour discrimination, 
whereby the adjustment of three independent continuous controls always 
makes possible an exact colour match, though two are generally 
insufficient, will throughout the present account be referred to as 
“trichromacy.” It is already implied by a rule given by NEwron 
(1704) for predicting the results of colour mixture. NEwTon, however, 
seems to have doubted whether it was exactly valid. He failed in his 
attempt to discover pairs of spectral colours which by mixture would 


produce perfect white, though he realized that the existence of such 


“complementary” pairs was a logical consequence of the rule which 
he had stated, as it is also of the more general property of trichromacy 


51 





HUMAN COLOUR VISION 


defined above. It is probably because of this failure that he wrote that 
his rule was ‘“‘accurate enough for practice, though not mathematically 
accurate.” 

Trichromacy was recognized, on the basis of experiments on the 
mixing of pigments, by several writers in the eighteenth and early 
nineteenth centuries, but was not firmly established by detailed 
examination of the results of mixing coloured lights until the work of 
HELMHOLTz (1852). For small fields (of 2° diameter or less) centred 
on the fixation point a number of very thorough investigations of the 
colour-matching properties of the normal eye have been made (KONIG 
and DretTericr, 1886; ABNEY, 1913; Wrieut, 1929; GuiLp, 1931; 
Stites, 1955). The earlier of these experimenters do not record 
having detected any deviations from exact trichromacy. STILES (1955), 
however, notes that, even for 2° fields, matches established between 
four lights of widely differing wavelength are not always completely 
satisfactory. The difficulty here is almost certainly of the same nature 
as a more conspicuous one found with larger fields, which results from 
differences between the matching properties of different parts of the 
retina, the most important cause of which is probably the distribution 
of macular pigment. For fields as large as 10° diameter, these differences 
between the properties of different regions become very conspicuous: 
the central part of the fields can be perfectly matched by using the 
three controls of the trichromatic colorimeter if the outer part is 
ignored, or the outer part if the centre is ignored, but no setting of the 


three controls allows the centre and periphery to be matched at the 


same time. 


1. Extrafoveal retina 

A centrally fixated field of 2° diameter illuminates few rods, and one 
of 1° diameter probably none. It has therefore been commonly 
supposed that trichromacy for small foveal fields depends on cones 
only. If this supposition is correct, it is reasonable to expect that for 
extrafoveal fields, where rods also are illuminated, colour discrimination 
should, at least in some conditions, be tetrachromatic. The available 
evidence does not support this expectation. Neither in STILEs’s experi- 
ments, where the foveal region was included in the field, but subjects 
were instructed to disregard it, nor in the work of KOnia (1896), von 
KRIES (1896), TscHERMAK (1898), Wricut (1946, p. 154), GILBERT 
(1950) and MoreLanp (1955) with fields which were entirely extra- 
foveal, is there any indication that it is ever impossible to establish, 
for any one region of the retina, a colour match between four lights, 
three of which can be varied continuously in intensity. 
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Ill. THroRIES BY WHICH TRICHROMACY MAY BE EXPLAINED 


Trichromacy was first appreciated as a phenomenon demanding a 
simple theoretical explanation by M. V. Lomonosov (1756). The 
theory which Lomonosov put forward to explain it was that there are 


only three primary kinds of light, red, yellow, and blue, corresponding 


to three kinds of particles in the ether, and that lights of all other 
colours are mixtures of these. The three kinds of particle in the ether 
were supposed to be made of salt, mercury, and sulphur; and Lomo- 
Nosov suggested further that the sensitive particles of the retina 
might be made of the same three materials, each being sensitive to its 
own kind of light. This theory explained satisfactorily all the facts of 
colour mixture for the normal human eye, but was very difficult to 
reconcile with the observations on refraction already published by 
NEWTON. 

A very similar theory, differing from LomMoNosov’s only in the 
omission of the irrelevant speculations on salt, mercury, and sulphur, 
and in a slight change of emphasis, was put forward by G. PALMER 
(1777; see also WALLS, 1956). Where Lomonosov was mainly concerned 
with the nature of light, and only incidentally mentioned the retina, 
PALMER put equal stress on the threefold nature of light and of the 
sensitive structures of the retina. 

It remained for THomas Youne (1802a b) to discard that part of 
Lomonosov’s theory which conflicted with physical evidence concerning 
the nature of light, and to suggest that there was a continuous series 
of kinds of light, but only three kinds of sensitive particle in the retina, 
each kind preferentially, but not exclusively, sensitive to light from one 
part of the spectrum. This suggestion has been the basis of all those 
subsequent theories of human colour vision which take account of the 
basic fact of trichromacy. We shall first consider a generalization of 
it, which we shall call the “three-channel hypothesis’; and then in 
turn a number of special forms of the three-channel hypothesis, 
discussing afterwards the evidence by which it may be possible to 
distinguish between the different forms. 

Trichromacy is explained if the pathway conveying information t« 
consciousness from the photosensitiveness pigments of the retina is at 
any part of its course restricted to three kinds of channel in respect of 
colour sensitivity, the information conveyed by each channel taking 
the form, at a given instant and for a given point on the retina, of the 
value of one continuous variable. In an exact statement of the three- 
channel hypothesis in its most general form, very careful definition of 
the terms “‘kind” and ‘‘channel”’ is required. In the special forms of it 
with which we are here mainly concerned, these terms present no great 
difficulty. 
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The three-channel hypothesis is not the only possible hypothesis 
consistent with trichromacy, but it is much the simplest. There will 
be no need to treat other hypotheses in detail as long as that of three 
channels remains consistent with all the psychophysical data on colour 
vision, and plausible on what is known of the photochemistry and elec- 
trophysiology of the visual pathway; but when the three-channel 
hypothesis has been considered in detail, a few alternative possibilities 


will be briefly mentioned. 


1. Forms of the three-channel hypothesis 

It is useful to distinguish three sub-hypotheses, which differ in their 
implications. The first, and nearest to the original suggestion of 
THOMAS Young, is that there are only three photosensitive pigments 
in the region of retina concerned. It must be assumed either that each 
pigment takes part in only one kind of photochemical reaction capable 
of stimulating a receptor; or, if it takes part in more than one, either 
that the receptors do not qualitatively distinguish between the different 
photochemical reactions or that the action spectra for the different 
reactions of a given pigment are identical. It must also be assumed 
that all molecules of a given pigment are, to a close enough approxima- 
tion, similarly situated in respect of filtration of the incident light. 
Given these assumptions, which constitute what will be called the 
“‘three-pigment hypothesis,” trichromacy is already determined by the 


pigments, and it is not necessary to assume that there are only three 


kinds of receptor; if some receptors contain mixtures of pigments, 
there may be many more than three kinds. 

The second sub-hypothesis is that there are more than three pigments, 
but only three kinds of receptor, each receptor, even if it contains two 
or more different photosensitive pigments, transmitting a signal which 
for any one short time-interval can be wholly represented by the value 
of a single variable. The receptors thus determine a trichromacy 
although the pigments do not. This will be called the “‘three-receptor 
hypothesis.”’ 

The third sub-hypothesis, first suggested by GuILp (1932), is 
that both the pigments and the receptors are of more than three 
kinds, but that in some more central part of the visual pathway, 
perhaps the retinal ganglion cells or the cells of the lateral geniculate 
body, there is a selective filter for information concerning colour, 
at which only three channels are available. For certain pairs of 
lights which differ in their effect on the receptors, the information 
that they do so is thrown away, and the message which is handed 
on to higher parts of the visual pathway fails to discriminate between 
them. 
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> 


2 Supple ments to the thre é -channel hypothe Sis 


A three-channel filter for information concerning colour, whether it lies 
in the pigments, in the receptors, or more centrally, suffices to explain 
trichromacy. The other parts of the visual pathway cannot contain 
less than three channels, for if they did, colour discrimination would 
be mono- or dichromatic. They may however contain more than three, 
not only on the peripheral side of the filter, but also, as a result of inter- 
action, on its central side. Other possibilities for the central parts of the 
pathway are that there are three channels throughout, with the same 
spectral sensitivities everywhere, or three channels, but with different 
This last alternative is 


sets of spectral sensitivities in different parts. 
that postulated in “‘zone”’ theories such as those of MULLER (1930) and 


JuDD (1949). A “zone’’ (MULLER) or “‘stage”’ (JuDD) in the visual path- 


way is a structure or region to which information is transmitted and 


from which it is handed on to the next stage. A large number of zone 


theories can be constructed without coming into clear conflict with any 


of the psychophysical data. Indeed, it is difficult to find even presump- 


tive evidence for preferring one zone theory to another, since the most 
peripheral three-channel stage already determines a trichromatic system 
of colour discrimination, and the more central stages cannot possibly add 
information which is not given to them, and cannot discard much with- 
out losing the trichromatic property. Ifa 

the information received by it without adding or subtracting anything, 


stage has merely reorganized 


it is essentially impossible to infer anything about its properties from 


an examination of the same information after it has undergone furthet 


reorganization. 

Since inferences from psychophysical data about more central parts 
of the visual pathway are so insecure, the present discussion will be 
largely concerned with the anatomical nature and functional properties 
of the stage at which the trichromacy of colour discrimination is deter- 


mined. On the three-channel hypothesis, this is 
stage which contains only three kinds of channel in respect of colour 


the most peripheral 


discrimination. 


3 Alte rnative S to the three -channel hypothe 97.8 


Schemes explaining trichromacy can be constructed in which no part 
of the visual pathway contains as few as three channels, because some 
information is thrown away at a stage in the pathway where other 
channels are carrying redundant information. There might, for 
example, be two different kinds of red-sensitive receptor, one of 
green-sensitive, and one of blue-sensitive. The two red-receptive 
channels converge on to a single channel at some more central stage of 
the visual pathway, perhaps the retinal ganglion cells; but here the 
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blue and green channels have, by interacting, already ramified into 
more than two, so that there is nowhere a three-channel stage. The 
arbitrary complexity of this and similar schemes is evident, but they 


remain possible. 

Another possibility is that there are four kinds of channel, but that 
their spectral sensitivities are related by a linear equation whose 
coefficients are independent of wavelength; or in general that there are 
n +- 3 kinds of channel with spectral sensitivities related by  simulta- 





Fig. 1. Effect of altering the field intensity on the proportions of red, green, 
and blue primaries (649, 526, and 445 my) required to match a fixed spectral 
yellow. (From Stizzes, 1955.) 


neous linear equations. STImES (1944) pointed out that the four 
mechanisms presumed to be present in extrafoveal retina might come 
sufficiently close to this condition to make colour discrimination 
trichromatic in all but a few especially unfavourable cases. The failure 
of later experimenters (WRIGHT, 1946; GILBERT, 1950; MORELAND, 
1955; SrmeEs, 1955) to discover these unfavourable cases, together 
with the marked dependence of certain extrafoveal colour matches on 
field brightness (StrLEs, 1955; see Fig. 1) make it very unlikely that 
this can be a complete explanation of extrafoveal trichromacy. Hunt 
(1952) has revived the hypothesis of an exact linear relation between 
the spectral sensitivities of the mechanisms of extrafoveal retina, but 
to do so he has had to suppose that, in the state of adaptation where 
trichromatic matches could be made, the rhodopsin of the rods was 
screened by a very high concentration of indicator yellow. This 
supposition is quite inconsistent with the fact that, in this same state 
of adaptation, it is possible on suddenly decreasing the brightness of 
the test fields to make achromatic matches which conform to the 
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normal scotopic luminosity curve. It also conflicts clearly with the 
objective measurements of the difference spectrum of rhodopsin in the 
living eye made by RusuTon (1956a). 

A theory which explicitly denies that the visual pathway is in any 
part of its course limited to three channels has been put forward by 
HARTRIDGE (1949). HARTRIDGE’s “polychromatic’’ theory, which 
postulates seven different kinds of colour receptors, all with separate 
paths to the brain, does not provide an alternative explanation of 
trichromacy, but leaves it entirely unexplained. This theory has not 
been disproved; it is so arbitrarily complex and so lacking in exact 
verifiable implications that it is difficult to imagine any result of a 
psychophysical experiment which could be inconsistent with it. It is a 
theory best disregarded while there are simpler ones which can better 
explain known phenomena and predict unknown. 


LV. THe IMPLICATIONS OF THE SEVERAL FORMS OF THE 
THREE-CHANNEL HYPOTHESIS 


The first form of the three-channel hypothesis, that of three photo- 
sensitive pigments, has, besides trichromacy, a number of other 
implications which can be tested. It implies that between multiples of 


any four lights a match can be established in which the two matching 


mixtures are alike in their effects on all structures in the retinal region 
concerned, Without making any further assumptions it can be proved, 
from the known impossibility of obtaining multiple discrete matches 
between the same components, that, except for the tolerances associated 
with the finite size of discrimination steps, all possible colour matches 


have this property (BRINDLEY, 1957b It follows that: 

(1) Lights which match must have the same adapting effects, and 
in all circumstances give indistinguishable after-images; 

(2) lights which match must be able to replace one another as 
constituents of other colour matches; and 

(3) lights which match in one state of adaptation must continue 
to match in all other states of adaptation, provided that the degree 
of adaptation is uniform over the region of retina which views both 


matching fields. 


To the second and third of these deductions must be made the reser- 
vation “unless the experimental conditions cause a change in the 
amount of screening pigment interposed between the test fields and some 
of the receptive pigment.’’ This reservation has itself quantitative 


implications which can be tested. The first deduction holds without 


any reservation. 
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The ‘“‘three-receptor’ form of the three-channel hypothesis, that 
is that there are more than three pigments but only three kinds 
of receptor, shares with the three-pigment form the implication that 
lights which match must be able to replace one another as con- 
stituents of other colour mixtures, provided that in a receptor containing 
two pigments the effects of photochemical reactions in the two pig- 
ments add in a linear manner. Such direct additivity of the effects of 
two photochemical reactions in the same receptor is likely on physio- 
logical grounds, but not absolutely necessary. 

On the three-receptor hypothesis, the deduction that lights which 
match should have the same adapting effects and the same after-images 
is valid only if several further assumptions are made. The hypothesis 
thus remains tenable whether the property is true or false. In the 
stability of colour matches to adaptation, however, the three-receptor 
hypothesis has implications clearly contrary to those of the three- 
pigment hypothesis. There is direct evidence (RusHTON, 1955, 1957) 
that adapting lights, if bright, can bleach away a large fraction, not 
only of the rhodopsin, but also of the cone pigments of the retina. Ifa 
receptor contains two pigments whose action spectra for bleaching 
are different, an adapting light which preferentially bleaches one 
pigment will alter the spectral sensitivity curve of the receptor in one 
direction, and one which preferentially bleaches the other pigment 
will alter it in the opposite direction. If the trichromacy of colour 
matching is determined by receptors and not by pigments, both of 
these adapting lights will disturb colour matches, and in opposite 
directions. 

The third form of the three-channel hypothesis, namely that there 
are more than three kinds both of pigments and of receptors, con- 
verging on to three classes of neurones in respect of spectral sensitivity 
at some more central stage in the visual pathway, shares none of the 
special implications of the three-pigment hypothesis. Lights which 
match do not in general affect the receptors alike, so that there is no 
necessary reason why they should have the same adapting effects or 
after-images; though it is possible to devise ad hoc supplementary 
hypotheses predicting that they will. Lights which match need not 
necessarily be able to replace each other as constituents of other 
colour matches. They will be able to do so only if the response of each 
channel at the first three-channel stage in the visual pathway is deter- 
mined by a linear function of the rates of photolysis of all the kinds of 
receptive pigment connected to it. It would require a mechanism very 
different from any known neural mechanisms to achieve this with 
accuracy over a wide range of intensities of stimulus. There is no 
reason to expect colour matches to be stable to adaptation; on the 
contrary, there is the same reason as with the three-receptor hypothesis 
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for expecting that adapting lights of different spectral composition will 
disturb colour matches in different ways. 
These implications are summarized in Table 1. 


TABLE 1 


Eape rimental test 


Lights which match have the 
same adapting effects 


Lights which match can replace 
each other as constituents of 


-robablyv no 


other matches 


Colour matches are stable to 
adaptation . 


* Provided that no screening pigment is produced 


mental conditions. 


THE CONSTRAINT IMPOSED ON THE THREE-PIGMENT 
HYPOTHESIS IF THE Density or PIGMENT IS HIGH 


In the original statement of the three-pigment hypothesis, it was said 
that, provided that all molecules of a given pigment are, to a close 
enough approximation, similarly situated in respect of filtration of the 
incident light, the presence of three receptive pigments suffices to 
determine a trichromacy, even if there are more than three kinds of 
receptors, some of them containing mixtures of pigments. 

If the density of receptive pigment in the receptors is high, then the 
molecules of a given pigment are not all similarly situated in respect 
of filtration of incident light, and two lights which have identical 
effects on all three pigments when these are exposed in thin layers at 
low concentration, may not have identical effects on the receptors in the 


eye. In these circumstances, three pigments are insufficient to deter- 


mine a trichromacy: it is necessary that there be three kinds of 
receptors as well, or at least that any pigment which occurs in high 
density be strictly segregated, either alone or together with a fixed 
proportion of other pigment or pigments, in one kind of receptor. 
This modified three-pigment hypothesis, which may also be a special 
vase of the three-receptor hypothesis, shares the implications of the 
simple three-pigment hypothesis concerning Grassmann’s third law, 
the identical adapting effects of lights which match each other, and the 
stability of colour matches to degrees of adaptation insufficient to 
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bleach a substantial fraction of any receptive pigment; but con- 
cerning the effect on colour matches of adaptation to lights bright 
enough to bleach the pigments, it has implications of its own, which 


will be considered in Section VI. 


VI. EXPERIMENTAL EVIDENCE DISTINGUISHING BETWEEN THE 
FORMS OF THE THREE-CHANNEL HYPOTHESIS 


The adapting effects and after-images of lights of different spectral 

composition which match 
On this question, though an answer to it in one direction would 
absolutely exclude the three-pigment hypothesis, and in the other 
would make that of more than three pigments and receptors unlikely, 
little experimental evidence is available. CoHEN (1946), in an experi- 
ment described very briefly, found no difference between the adaptive 
effects of a monochromatic yellow and those of a red-green mixture 
which matched it. HArrripGe (1948), adapting to light from the sky 
(illuminating a large part of the retina) which had passed through 
filters transmitting either yellow only or a mixture of red and green, 
found significant differences. The present writer, repeating Harrt- 
RIDGE’s experiments under the same conditions, was able to confirm 
his observations, but only when the green component of the red-green 
mixture contained significant amounts of light of wavelengths less than 
0-54 uw, so that the mixture was obviously less saturated than the pure 
yellow. When the red-green mixture was made to contain no light of 
wavelength less than 0-54 u, so that the difference in saturation was 
extremely small, no difference in adaptive effects could be found. It 
seems likely, therefore, that HARTRIDGE’s result was due to failure to 
match the saturations, and is irrelevant to the present question. In a 
short series of experiments done by the author in 1952 using a divided 
circular foveal field of 1° diameter, no difference between the after- 
images of lights which matched could ever be detected, whether they 
were viewed against a dark background or against white or mono- 
chromatic backgrounds of various luminances. In view of the crucial 
character of the question, it deserves further investigation, both for 
foveal and extrafoveal fields. 
2. The possibility of substituting lights which match for one another as 


constituents of other colour matches 
That such substitutions could be made without disturbing colour 
matches was first asserted by GRASSMANN (1853), whose third law of 
colour mixture stated that: “Zwei Farben, deren jede constanten 
Farbenton, constante Farbenintensitaét, und constante Intensitat des 
beigemischten Weiss hat, auch constante Farbenmischung geben, 
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gleichviel aus welchen homogenen Farben jene zusammengesetzt 
seien.”’ Experimental evidence is available both for foveal and extra- 
foveal fields, much of it relating to the special case of the stability of 
colour matches to the brightening or dimming of all constituents by a 
constant factor. For foveal fields of 1° 20’ diameter or less, von Krtes 
(1896), TScHERMAK (1898), and TrREzONA (1954) agree in finding no 
breakdown of colour matches on proportional dimming. StTrEs (1955) 
in a single experiment on a 2° field finds a very small breakdown, not 
certainly outside the very narrow limits of his experimental error (see 
Fig. 1). More general tests of the substitution property, carried out by 
BLoTTiav (1947) on a 2° field and by TREzonA (1953, 1954) on a 1° 20’ 
field, have shown deviations, but these are nearly always small com- 
pared with a just-discriminable colour difference, and it is very 
doubtful whether they can be taken to exclude a hypothesis implying 
that substitutions can be made. At very high luminances, in view of 
the known disturbance of colour matches by adaptation (WRIGHT, 
1936), it can be confidently predicted that significant deviations from 
Grassmann’s third law will be found, although such deviations have not 
yet been reported. 

For extra-foveal fields, in contrast to foveal, substantial deviations 
from Grassmann’s third law at moderate and low luminances are 
established beyond doubt. Konia (1896), for a 1° 20’ field centred 3° 
from the fixation point, voN Kries (1896), for a 1° 30’ field centred 
2° 45’ from the fixation point, and TScHERMAK (1898), for a 4° 13’ 
field centred 8° from the fixation point, all agree that matches of white 
against a mixture of red and blue-green break down on proportional 
dimming, the mixture of red and blue-green becoming the brighter. 
STILES (1955), for a 10° field centred on the fixation point (the subject 
being instructed to ignore the foveal region) found that the proportion 
of blue required in matching a mixture of red and green with a mixture 
of yellow and blue altered very much with the brightness-level at 
which the match was made (see Fig. 1), more blue being needed at the 
lower brightness-levels. 


SB. Le stability of colour matches to adaptation 


Conspicuous changes in the appearance of colours can be produced by 
adaptation to coloured lights without upsetting colour matches made 
between lights of different spectral composition; indeed, von KRiIEs 
(1878), having deduced from HELMHOLTz’s form of the three-channel 
theory that no colour match should be disturbed by adaptation, 
investigated, as a test of the theory, matches of ordinary white light 


against mixtures of pairs of complementary spectral lights before and 
after adaptation to various coloured lights, and failed to detect any 
alteration in the amounts or wavelengths of the complementaries 
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required. However, with very bright adapting lights, as WRIGHT 
(1936) showed, colour matches may be disturbed. The factor by which 
a given adaptation alters the ratio of amounts of fixed red and green 


primaries required to match a variable test wavelength differs for 


different test wavelengths (BRINDLEY, 1953; see Fig. 2). This proves 
that the disturbance is not due to production or destruction of a general 


screening pigment lying in front of all the receptors equally, for a 





Fig. 2. Changes produced adaptation to yellow light (equivalent to 
578 mu) at 1300 mL for 30 sec in the amounts of red (680 mu) and green 


(550 mu) primaries required to match test ligh f different wavelength. 
q: Red primary, {: rreen primary. (From BRINDLEY, 1953.) 


general screening pigment could alter this ratio only by absorbing 
light at the wavelengths of the red and green primaries, and such 
absorption would necessarily be independent of test wavelength. 

A disturbance of colour matches, proved not to be due to production 
or destruction of a general screening pigment, appears at first sight to 
provide strong evidence against the three-pigment hypothesis, and we 
should expect, in accordance with the implications of both the rival 
hypotheses, that if an adapting light of one wavelength disturbs a 
colour match in one direction, it should be possible to find an adapting 
light of some other wavelength which disturbs it in the opposite 
direction. This, however, is not possible. Fig. 3 shows the disturbing 
effects of a number of adapting lights on one colour match, All the 
adapting lights, whatever their wavelength or brightness, cause an 
increase in the amount of red required in the colour match and adecrease 
in the amount of green, the increase in red being always about five 
times the decrease in green. This is contrary to the predictions of the 
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simple forms of all the hypotheses under consideration, and we must 
examine the modifications which they require in order to explain it. 
The hypothesis of more than three pigments and more than three 
classes of receptor can be reconciled with the similar disturbing effects 
on colour matches of all wavelengths of adapting light only if wherever 
two classes of receptor converge on to a single class of neurone at some 
more central stage in the visual pathway, one class is so much more 





Fig. 3. Changes produced by adaptation to various light 1 the amounts 
red (equivalent to 680 my) and green (550 mu) primaries required to match 
yellow light of wavelength 580 my. 4: Red primary, f : green primary. The 
to 480 mu (B), 497 mu (BG), 


f 


adapting lights were filter wavebands equivalent 
550 mu (YG), 578 mu (Y), 606 mu (O), and 680 mu (DR). (From BrRInDLeEy, 


1953.) 


adaptable than the other that it alone is substantially adapted, even 
when the adapting wavelength is such that the other class is the more 
sensitive. This hypothesis also requires, in order to explain the relation 
between the intensity of the adapting light and the degree of dis- 
turbance of colour matches (Fig. 4), that even the more adaptable class 
of receptors be unaffected in sensitivity by amounts of light less than 
about 2 x 10° trolands x seconds. Each of these conditions is 
relatively unlikely, and together they add up to a high degree of 
implausibility. Further evidence against an explanation in terms of 
more than three classes of receptors is provided by the fact (Fig. 5) 
that a given quantity of light has the same effect in disturbing a colour 
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match, whether it is concentrated within one second or spread out over 
ten seconds. This is to be expected if the disturbance depends directly 
on a photochemical reaction, but would be surprising if it depended on 
an adaptive process in receptors or neurones. 


To reconcile the three-receptor hypothesis (i.e. that of more than 
three pigments contained in three classes of receptor) with the similar 
disturbing effects on colour matches of different wavelengths of adapting 


light, it is necessary to suppose that wherever two pigments are 


6, 


Quanta x cm‘ of retina «10'° 








gt TS HOE 2 


8 10 


Trolands x secs x 10° 


Fig. 4. Changes produced by adaptation to yellow light at various intensities 


for 10 sec in the amounts of red primary (680 my) required, together with a 


1 


fixed amount of green (550 my), to match a fixed spectral yellow (570 mu). 


(From BRINDLEY, 1955a. 





———= 10 seconds 


~—=— 1 seconds 











1 
2 /2 
minutes 


5. Time-course of recovery of a colour match disturbed by adaptation to 
10° trolands x seconds concentrated within | sec and spread over 10 sec. 
(From BRINDLEY, 195a.)5 
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contained in the same receptor, one pigment is so much more photolabile 
than the other that it alone is substantially bleached, even when the 
adapting wavelength is such that the other pigment contributes more 
to excitation of the receptor. This is not as unlikely as the corresponding 
condition for the hypothesis of more than three classes of receptor. 
The less bleached pigment could resemble a sensitizer in a photographic 
emulsion, handing on the energy of each absorbed quantum immedi 
ately to some other molecule and returning to its original state, so that 
it would not, by ordinary criteria, be photolabile. 

The three-pigment hypothesis allows colour matches to be disturbed 
by adaptation only if the adaptation produces or destroys a screening 
pigment in front of the receptors. We have seen that no general 
screening pigment, lying in front of all receptors equally, can explain 
the results. In reptiles and birds, coloured oil droplets are present in 
the cones, each droplet appearing to act as an individual colour filter 
for the outer segment of the cone in which it lies; but such structures 
have never been observed in mammals, and if they were present, there 
is no evident biological reason why they should be photolabile. There 
is, however, an individual screening pigment which is undoubtedly 
present in each mammalian cone: the receptive pigment itself. If this 
is photolabile and is present in sufficient density for the pigment in the 


posterior part of each outer segment to be significantly screened by 


that in the anterior part, it must necessarily produce effects analogous 


to those observed. The implications of such “‘self-screening”’ of a 
yhotolabile receptive pigment have been examined in detail (BRINDLEY, 
I 


1953, 1955a), on the basis of two simplifying assumptions: that the 
red-receptive and green-receptive pigments are entirely segregated in 
different receptors, and that self-screening, at least alteration of 
self-screening by light-adaptation, is appreciable only for one of them. 
The justification for these assumptions i ie lack of influence of the 
wavelength of the adapting light on the kind of disturbance produced. 
The implications of the hypothesis agree very well with all the experi 
mental results, if it is the red-receptive pigment for which self-screening 
is substantial, and if this has an apparent photosensitivity of 
1-61 x 10- cm? in Napierian molecular units for light entering through 
the centre of the pupil, and an optical density in the receptors of 0-98. 
It is difficult to obtain from the data a clear upper bound to the density 


of green-receptive pigment, but it seems that, for the one subject 


investigated in detail, it can hardly exceed about 0-20. 


4, Summary of evide Ce distinguish ing betwe en the }Orims of the three - 
channel hypothesis 

The evidence from the adapting effects and after-images of lights of 

different composition which match is scanty and relates only to the 
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fovea. As far as it goes, it agrees with the implications of the three- 
pigment hypothesis, and is difficult to reconcile with the hypothesis of 
more than three pigments and more than three classes of receptor. It 
does not help us to decide for or against the three-receptor hypothesis. 

The evidence from the validity of Grassmann’s third law is, for the 
fovea, probably consistent with the three-pigment hypothesis, and is 
difficult to reconcile with the three-receptor hypothesis and with that 
of more than three pigments and more than three classes of receptor. 
For extra-foveal retina, on the other hand, the unquestionable depar- 
tures from Grassmann’s third law which Konig, von Kries, Tschermak, 
and Stiles found at low brightness clearly contradict the three-pigment 


hypothesis. 

The way in which colour matches are disturbed by adaptation provides, 
for the fovea, further evidence against the hypothesis of more than three 
pigments and more than three classes of receptor. The three-pigment 
hypothesis, with some supplementary assumptions, allows a very 


complete quantitative explanation of all the data. 


VII. Tue Size oF DISCRIMINATION-STEPS 


In the arguments already considered, it has been assumed that ideally, 
for any four lights one of which is fixed, there is only one set of 
quantities of the other three from which a colour match can be made; 
and the fact that, in practice, the quantities can be varied over small 
ranges without detectably disturbing the match, has been regarded 
only as an inconvenient source of experimental inaccuracy in deter- 
mining parameters which ideally have exact values. From this point 
of view we saw that, since trichromacy is already determined by the 
most peripheral three-channel stage in the visual pathway, little or 
nothing can be learnt from psychophysical data about more central 
stages, for these cannot add anything to the information handed on to 
them, and if they reorganize it, do nothing thereby which could not in 
principle be reversed at some still later stage. There is, however, one 
thing which stages in the visual pathway central to that determining 
trichromacy might do which could leave its trace on psychophysically 
measurable quantities: they might throw away small amounts of 
information, thereby becoming the determining factor in the size of 
discrimination steps. 

It is distasteful to a biologist to postulate a biological transmission 
line which arbitrarily fails to transmit part of the information given 
to it; but the eye is not solely an organ for the discrimination of colour, 
and it is not unreasonable that the visual pathway should sometimes 
discard information about colour in order to reserve more channels 
for transmitting information of other kinds. The pathway from the 
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extra-foveal part of the retina to the brain must certainly discard in a 
similar way much of the information about spatial pattern available 
in the responses of its receptors. 

If we accept this possibility, we must remain cautious in the interpre- 
tation of measurements of discrimination steps. These may be deter- 
mined either by the same structures as determine trichromacy, or by 
some quite different part of the visual pathway. 

Extensive and accurate data on the size of discrimination steps have 
been published recently, notably by MacApam and Brown (MacApay, 
1942, 1949; Brown and MacApam, 1949; Brown, 1951, 1952), and 
by Stmxs (1939, 1946a, 1949, 1953). MacApam and Brown measured 
the errors made in attempting to establish a trichromatic match. In 
their early experiments, the brightness was held constant, but in the 
later experiments, discrimination steps are measured in all directions 


in brightness-colour space from the initial chromaticity and brightness. 
The locus of a point which lies one discrimination step from a fixed 
point in brightness-colour space is found to be, within the limits of 


accuracy of the determination, an ellipsoid, so that all discrimination 
steps from any one point can be specified by the six elements of a 
symmetric tensor in three dimensions. The intersections of the discri- 
mination ellipsoids with one plane of constant luminance are shown 
in Fig. 6. MacApam and Brown have not put forward any physio- 
logical hypothesis to explain their results, but the data are presented 
in a way which readily allows them to be used to test such a hypothesis. 

STILES’s measurements take the form of determining the least 
amount of a given spectral light which must be added to a background 
of another spectral light (of the same or different wavelength) for the 
increment to be detected. The brightness of the background is varied 
over a very wide range. The kind of pattern into which the results fall 
is shown in Figs. 7 and 8. Each curve shows, for a given background 
wavelength (wu) and test wavelength (4), the effect on the increment 
threshold of varying the brightness of the background. Many of the 
curves where 4 + u are divisible into two sections, each section having 
the same shape as a part of the simple curve obtained when 4 = uy, 
but displaced in relation to the axes without rotation. Varying the 
background wavelength (Fig. 7) is found to cause displacement of the 
curve parallel to the axis of log (background intensity), and varying 
the test wavelength (Fig. 7) to cause displacement parallel to the axis 
of log (test intensity). The law relating the degree ot displacement to 
the wavelength is different for the different sections of the curves; but 
for a given section, as far as can be ascertained, the same law relates 
vertical displacement to test wavelength and horizontal displacement 
to background wavelength. It thus defines a single characteristic 
spectral sensitivity for the section. 


67 





HUMAN COLOUR VISION 





CLE. coefficient y 








Fig. 6. Standard deviations of visual matches, represented on the C.I1.E. 
chromaticity diagram. Each ellipse is of ten times its true linear dimensions. 


From MacApam, 1942 














ous values of sz 
Fig. 7. Effect on the curve of log (threshold) against log 
of changing the wavelength of the background (mu), and keeping the test wave- 
diameter, observed foveally. 


background intensity) 


length (A) the same. Flashing test stimulus of 1 
(From Stizes, 1949.) 
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On the basis of these measurements of increment thresholds STILEs 
(1946b) has put forward a general theory of brightness-colour discrimi- 
nation of great formal simplicity, which not only provides a complete 
interpretation of the main features of his own measurements, but also 
agrees well with published data on the size of hue-discrimination steps. 





Fig. 8. Effeet on thi 
of changing the waveleng 


wavelength (mm) the 


The theory, in its original form, postulates three mechanisms, the 
increment threshold of each of which depends only on the extent to 
which it is stimulated by the background, and is entirely independent 
of the activity of the other two mechanisms. The threshold amount 
of a given incremental stimulus for the eye as a whole is given by 


where U,., U;,, and U, are the threshold amounts of the given 
T ] ) 


stimulus for the three hypothetical mechanisms separately, and U 
that for the eye as a whole. Thus unless two of U;,, U,,, and U,, are 


nearly the same, U, is approximately equal to the smallest of them. 
In the interpretation of Stiles’s own experiments, U;,, U,,, and Uy, are 
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all of the same sign: the stimulus, when just large enough to be detected 
by a given mechanism, will always constitute an increment threshold 
for it. In more general discrimination experiments, the stimulus may 
approach an increment threshold for one mechanism but a decrement 
threshold for another. The theory assumes, in accord with the second- 
degree equation which expresses it, that summation between two 
mechanisms towards the attaining of threshold takes no account of 
sign, i.e. of whether the stimulus represents an increase in the degree 
of stimulation of both mechanisms, or an increase in one and a decrease 
in the other. 

In an extension of the experiments on increment thresholds to a 
larger group of subjects (the original work being based on one subject 
only), STILES (1953) has found it necessary to postulate two additional 
mechanisms, called 7, and 73, besides the original blue, green, and red 
mechanisms, now called 7,, 74, and z;. The spectral sensitivities of 
the five postulated mechanisms are shown in Figs. 9 and 10. 7. has 
nearly the same spectral sensitivity curve as 7,, but differs from it in 
that it determines increment threshold only when the background is 
very bright. Like 7,, 7,, and z;, it has been shown to have, at least 
approximately, the same spectral sensitivity curve, whether this is 
determined from the effects of varying the test wavelength or the 
background wavelength. 

The z, mechanism determines increment threshold only for violet 
flashes on very dim red, yellow, or green backgrounds. Even in this 
narrow range of conditions it was not usually distinguishable for one 
of the five subjects tested. Its spectral sensitivity to the background 
could be measured only at long wavelengths, and to the test field only 
at short, so that it is not possible to be certain that the two spectral 
sensitivity curves coincide. 

The exactness of some of the details of Stiles’s theory of colour 
discrimination may be open to question; for example, the law of sum- 
mation when a stimulus is close to threshold for two or more mechanisms 
need not necessarily be precisely that assumed in the theory, and the 


assumption that the threshold of each mechanism is independent of 


the activity of the others may perhaps not be exactly valid when 
different mechanisms are very differently active; but the accuracy 
with which this relatively simple theory explains the whole of a great 
body of very complex experimental data is so impressive that it is 
scarcely possible to doubt its general validity. It will be necessary 
later to discuss to what structures in the retina Stiles’s ‘“‘mechanisms”’ 
correspond; but this discussion will be deferred until we have con- 
sidered the evidence from spatial aspects of colour vision, from the 
retinal directional effect, and from some effects of adaptation to very 
bright lights. 
70 
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Fig. 9. Spectral sensitivities of the mechanisms 7, 7,, and 
background wavelength. At short wavelengths, only a lowe 
the arrows) can be given for the backgroun , 


1953.) 





Field wave number 
Spectral sensitivities of the mechanisms 4 and 7, for changes in 


background wavelength. (From Stress, 1953.) 


VIII. Repvuction OF THE NUMBER OF DEGREES OF FREEDOM 
OF CoLOUR DISCRIMINATION BY ADAPTATION TO VERY BRIGHT 
LIGHTS 


If Stiles’s hypothesis, that the raising of the threshold of a mechanism 
by adaptation depends only on the activity of that mechanism itself, 
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is valid also for that part of adaptation which remains for some seconds 
or minutes after the adapting stimulus has been extinguished, it 
should be possible, by adaptation to very bright lights restricted to a 
narrow range of wavelengths, so to reduce the sensitivity of one of the 
three mechanisms that it is entirely unaffected by stimuli which are 
substantially above threshold for the remaining two. In such cireum- 
stances, colour discrimination should become dichromatic; and further 


adaptation, depressing the sensitivity of two of the mechanisms, 


should abolish colour discrimination, leaving a monochromatic state. 


—_—_—+ e-e— 
| 
eo? | 


(480 my) 
primar "eEquUITE to match differ t wavelengt n e state of artificial 


tritanopia. its based nam h on way ngth 582-; From 


This expectation is, to a large extent, fulfilled (BuRcH, 1898; 
BRINDLEY, 1953), although for only one state, out of the six theoretically 
possible on the assumption of three mechanisms, does the reduction 
in number of degrees of freedom of colour discrimination from three to 
two or one extend over the whole of the visible spectrum. This most 
complete state of reduction by adaptation in the number of degrees of 
freedom of colour discrimination is the one which is found for about 
40 sec after adapting to very bright violet light. During this period, 
all spectral lights can be matched with a mixture of red and blue 
primaries. The matches are satisfactorily reproducible, and the 
quantities of the primaries required do not vary with the degree of 
adaptation, provided that it is sufficient for dichromatic matches to be 
made at all. Dichromatic coefficient curves for the spectrum in this 
state, which closely resembles the form of colour blindness known as 
tritanopia (WrRicHT, 1952), and may for brevity be referred to as 
“artificial tritanopia,’’ are shown in Fig. 11. 

Artificial tritanopia can be converted by subsequent or simultaneous 
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adaptation to very bright red or blue-green light into either of two 
states which will be referred to as the green and red artificial mono 
chromacies. In these states, over a large part of the spectrum, no 
discrimination of colour is possible, though discrimination of brightness 
is but little impaired. Thus spectral sensitivity curves can be obtained 
by direct matching of one wavelength against another, the match, 
when established, being exact. Such spectral sensitivity curves are 
shown in Fig. 12. It seems almost certain that in the artificial mono- 
chromacies to which they relate, all but one of the colour-discriminating 


mechanisms have been rendered so insensitive by the adaptation that 


they contribute no information by which different wavelengths might 


be discriminated. The curves ot Fig. 12 are thus presumably the spectral 
sensitivity curves of single mechanisms, which may correspond to the 
“red’’ and ‘‘green’’ mechanisms or 7; and 7, of STILES (1953). They 
are probably not exactly the same spectral sensitivity curves that these 
mechanisms have in the unadapted eye, since the adapting lights used 
are brighter than those known, from other experiments, to disturb 
colour matches. 

By adaptation to very bright yellow licht, it is possible to produce 
a third state in which, over a considerable range of the spectrum, in 
this case from 500 mu to the extreme violet, lights of different wave 
length cannot be discriminated when their intensities are suitably 
adjusted; all appear of the same intensely saturated violet colour. 
This state, which may be called the violet artificial monochromacy, 
differs from the green and red artificial monochromacies in that, 
besides the complete absence of colour-discrimination, there is a severe 
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defect of brightness-discrimination, which makes it impossible to 
measure the spectral sensitivity of the eye with any useful accuracy 
by direct matching. The violet artificial monochromacy is also charac- 
terized by a severe defect of visual acuity, very much greater than is 
produced by adaptation to blue light sufficient to decrease the apparent 
brightness of the test field by as much as does the yellow adapting light 
which produces monochromacy. 


{ \ 


| 








Fig. 13. Spectral sensitivity curves for a 1° test field centered 6° from the 
fixation point measured at threshold one minute and ten minutes after 
adaptation to bright orange-red light. (From AUERBACH and WALD, 1954.) 


Direct matching, as a means of measuring the spectral sensitivity 
curve of the eye in artificial monochromacies, has the advantage over 
threshold methods that the exactness of the match provides its own 
criterion that there is only one mechanism acting. For the violet 
artificial monochromacy however, where the defect of brightness- 
discrimination makes direct matching insufficiently accurate, the thresh- 
old method is the only one available. Fig. 13 shows spectral sensitivity 
curves measured at threshold after adaptation to bright orange-red light. 
The curve for one minute after adaptation almost certainly corresponds, 
in the range 405-492 my, to the violet artificial monochromacy. 


IX. SPATIAL SUMMATION AND RESOLUTION IN 
COLOUR-RECEPTIVE PATHWAYS 


When very small colorimetric fields, subtending 20’ at the eye or 
less, are fixedly observed with the central fovea, it is found that all 
74 





SPATIAL SUMMATION AND RESOLUTION 


colours can be matched with mixtures of red and blue primaries: 
vision is dichromatic (KOnrea, 1894: Wit~tMEeR and Wricut. 1945). 
Dichromatic coefficient curves for the spectrum for such 20’ central 
foveal fields are shown in Fig. 14. It will be seen that they are very 
similar to those obtained in the state of artificial tritanopia (Fig. 11). 

This dichromacy of colour matching with very small colorimetric 
fields is not entirely restricted to the central fovea. THomson and 
Wricut (1947) showed that with fields of 15’ diameter it is still valid 
when these are centred 20’ or 40’ from the fixation point; but for 
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Fig. 14. Proportions of red (650 mu) and b 
match different wavelengths, 


match on wavelength 582-5 


most subjects dichromatic matches can be established more easily, 
and for slightly larger fields, when the fields themselves are fixated 
than when the fixation mark is 20’ or 40’ from them (BRINDLEY and 
WILLMER, unpublished observations, 1951). 

[t has already been noted that in the violet artificial monochromacy, 
a state in which the “blue” channel of the three-channel theory is 
probably isolated, visual acuity is very defective. When a mechanism 
(7, of Strtes, 1953) which may well correspond to the “‘blue”’ channel 
is isolated by another method, namely by presenting a pattern in blue 
or violet light upon a background of longer wavelength, a similar 
defect of acuity is found. Fig. 15 shows Stiles’s analysis of an experi- 
ment of this kind. If a grating of light and dark lines of equal width is 
used as test-object (BRINDLEY, 1954), the greatest acuity obtainable 
with the “blue” mechanism is about 7’ 30”, as compared with only 50” 
for the “green” and “‘red’”’ mechanisms. 

Two alternative hypotheses can be suggested, either of which would 


explain the low visual acuity in conditions which probably isolate the 
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“blue” mechanism, and contribute towards an explanation of the 
tritanopia-like dichromacy found with very small fields. 

The receptors of the blue mechanism might be very scarce. To explain 
by this hypothesis the visual acuity for a violet grating on a green 
background, the mean distance between receptors would have to 
correspond to roughly 5’. If they were as scarce as this, the small 
fields for which vision is dichromatic would illuminate very few “blue” 
receptors, perhaps not enough to allow discrimination of their activity 
between the two fields. 








1Oog \INtensity 


Fig. 15. Visual acuity for perception of detail in a 1° patch of light of wave- 
length 480 mu or 550 mu, viewed on a background field of wavelength 638 mu 


1, 


and intensity 1500 luxons. Intensity of the 1° patch expressed in terms of the 


re 
threshold value as unit. (From Sriies, 1949.) 


The second hypothesis which could explain the low visual acuity 
associated with the “blue” mechanism is that its receptors, though 
not scarce, are connected together so that many share a common 
transmission line. On this hypothesis, acuity would be limited not by 
the receptors, but by the scarcity of their common paths. The most 
likely, though not the only possible, site for such a convergence is 
within the retina, many “blue” receptors being connected to each 
retinal ganglion cell. 

Available evidence supports the hypothesis of convergence, and is 
difficult to reconcile with that of scarcity. If the “‘blue” receptors 
were scarce enough to explain the low visual acuity by their scarcity 
alone, the increment threshold for a very small violet spot on a green 
background should vary greatly from point to point on the retina, 
according to whether it illuminated a blue receptor or not. This is not 
observed (BrinpDLEY, 1954). If, on the other hand, many ‘‘blue”’ 
receptors converged on to each ganglion cell, we might expect, by 
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analogy with the dark-adapted human peripheral retina, or with the 
ganglion cells of the frog (HARTLINE, 1940; BarRLow, 1953) that the 
product of area and intensity should be constant for threshold, up to a 
size of field corresponding to a substantial fraction of that area of 
retina to whose receptors each ganglion cell is connected. Measurements 
of increment threshold as a function of size of field (Fig. 16) for a retinal 
region where the increment thresholds are not changing rapidly from 
point to point confirm this expectation. For increment thresholds 
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Variation of increment sensitiv 
the fixatior 
: red (680 mu) test field on green 


violet (545 mu) on red. © : 


depending on the ‘blue mechanism,” the threshold is inversely pro 
portional to the area (Ricco’s law) for fields of up to about 13’ dia 
meter. For those depending on the “red” and “‘green’’ mechanisms, 
it is approximately inversely proportional to the diameter (Piper’s 
law) over the whole of the range tested. 

The fact that, at increment threshold for brief test flashes, discrimi 
nations depending on the “‘blue’’ mechanism are impaired by a decrease 
in size of field to a greater extent than those depending on “‘red”’ and 
““green’’ mechanisms provides, if this difference extends also to con- 
ditions other than increment threshold, a reason why, with very small 
fields, colour discrimination should approximate to a tritanopia-like 
dichromacy. It is however, quantitatively quite insufficient to explain 


id 





HUMAN COLOUR VISION 


complete dichromacy with fields of 15’ diameter. If the “blue” 
mechanism were always inactive for fields of this size or less, increment 
thresholds for very small violet test flashes on backgrounds of longer 
wavelength would depend on the ‘‘red’’ or ‘“‘green’’ mechanisms. The 
very differences in spatial summation that we are considering prove 
that they do not. When the small fields are centrally fixated, a con- 
tributory factor in dichromacy is presumably the relatively low sensi- 
tivity of the “blue” mechanism at the foveal centre (STILES, 1949; 
BRINDLEY, 1954); but for fields separated by 2 * 40’ from the 
foveal centre there remains a discrepancy. The observation of WILLMER 
(1950) that dichromatic matches cannot be made immediately on 
fixating a pair of very small fields, but only after a detectable delay, 
suggests another factor, which may perhaps be the most important. 
It may be that the signal sent to the brain by the “‘blue’’ mechanism, 
though efficient at distinguishing the relative strengths of two stimuli 
when they are brief or can be exchanged one for the other in successive 
comparison, distinguishes the magnitudes of prolonged steady stimuli 
much less well than do the signals sent by the “red” and ‘“‘green”’ 
mechanisms. On this hypothesis, small-field dichromacy is not so 
much a property of the smallness of the fields (though this is a contri- 
butory factor) as of the steadiness of fixation. The hypothesis has an 
implication which could be easily tested: if it is correct, it should be 
impossible to make dichromatic matches with small fields if they are 
presented to the eye for only a fraction of a second 


X. THe DIRECTIONAL SENSITIVITY OF THE RETINA 


9 


STILES and CRAWFORD (1933) showed that the sensitivity of the eye 
varies with the direction of incidence of light upon the retina. Only a 
small fraction of this directional selectivity can be accounted for by 
differences in losses of light within the eye; much the greater part of 
it must be a property of the retinal receptors. 

For 1° foveal fields, marked directional selectivity is found for all 
wavelengths, whether sensitivity is measured by matching, or at 
absolute threshold, or at increment threshold against any background. 
It seems therefore that it is a property of all the receptors of the fovea ; 
though the facts that the apparent hue of monochromatic lights varies 
with the direction of incidence (STrLES, 1937) and that colour matches 
valid for one direction of incidence are not valid for another (BRINDLEY, 
1953) prove that the foveal receptors do not all have exactly the same 
directional selectivity, and, if they are of only three kinds, that the 
directional selectivity of at least one kind varies with wavelength. 
Some evidence on the directional selectivity of different classes of foveal 


receptors is provided by the measurements made by StTizEs (1939) of 
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increment thresholds for central and marginal entry of the test stimulus 
through the pupil. For the same combination of test and background 
wavelengths, the directional selectivity is consistently greater when the 
background luminance is such that the blue mechanism (7, in Stiles’s 
later terminology) determines threshold than it is at lower luminances, 
where the green mechanism (7,) is responsible. These data provide 
only scanty evidence concerning the variation with wavelength in the 
directional selectivity of a single mechanism, but suggest that for the 
blue and green mechanisms over the range 440-500 mu this is not large. 
If the theoretical analysis of BRINDLEY (1953) of the effects of direction 
of incidence upon colour matches is correct, the directional selectivity 
of the red mechanism should vary much more with wavelength than 
that of the blue and green mechanisms. 

For extra-foveal retina, if sensitivity is measured at absolute thres- 
hold with light of wavelength less than 600 mu, almost no directional 
selectivity is found. At longer wavelengths, the extra-foveal retina 
shows substantial directional selectivity even at absolute threshold. 
FLAMANT and STILES (1948), by comparing the spectral sensitivities of 
extra-foveal retina for light entering through the centre and the peri- 
phery of the pupil with the energy of adapting fields of different 
wavelengths which raise the threshold for blue-green light by a constant 
factor, have provided strong evidence that this directional selectivity 
at long wavelengths is not due to those receptors which are responsible 
for threshold at short wavelengths (almost certainly rods), but to other 


receptors, presumably cones, which at long wavelengths become more 


sensitive. The rods, it seems, retain their lack of directional selectivity 
at all wavelengths. 


XI. OBsectTIvVE INVESTIGATION OF THE LIVING 
HuMAN RETINA 


When light falls on the retina, the greater part passes through and 
reaches the pigment epithelium and choroid which lie behind. There 
most of it is absorbed, but a small fraction, of the order of 1 per cent in 
the human eye, is reflected and returns through the retina, and part of 
the reflected light passes out through the pupil and can be seen. If the 
retina contains photolabile pigments, it should be possible to detect 
their bleaching and regeneration by measuring this light. The bleaching 
of rhodopsin in the human eye was detected in this manner, and a 
lower bound established for its density, by BrriypLEY and WILLMER 
(1952). More recently, by using very refined optical and photoelectric 
techniques, the kinetics of bleaching and regeneration, the photo- 
sensitivity and the difference spectrum of rhodopsin in the living 
human eye have been examined (RusHTON, CAMPBELL, Hagrins, and 
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BRINDLEY, 1955: CAMPBELL and RusuTon, 1955: Rusuron, 1956a,b). 
The techniques of Rusuron and his collaborators are applicable to 
the study of other photolabile retinal pigments, and some preliminary 
results have already been published (RusHToN, 1955, 1957), indicating 
that in the fovea there are at least two photolabile pigments other than 
rhodopsin. It cannot yet be considered certain that these are receptor 
pigments, but the form of their difference spectra, and the fact that in 
a protanope only one foveal pigment could be detected, provide strong 
evidence that they are. The possibility, which this work introduces, of 
correlating very closely the results of objective measurements with 
those of psychophysical experiments, is one of the most satisfying 
prospects to be looked forward to in contemporary visual physiology. 

Another objective method of investigation which may provide some 
information about mechanisms of colour-discrimination involves the 
electrical response of the eye to illumination, generally known as the 
electroretinogram. This was proved by HOLMGREN (1880) and KUHNE 
and STEINER (1880) to arise from the retina, but there has until lately 
been little evidence to decide which structures in the retina generate 
it. The results of recent experiments in which electrical responses 
were recorded with microelectrodes from within the frog’s retina 
(Tomira and Fuwnatsur, 1952; Orroson and SvaAgETICHIN, 1953; 
3RINDLEY, 1956a,b, 1957a) are consistent with the view that the 
electroretinogram picked by electrodes outside the eye is wholly 
generated by the rods and cones, though other cells of the retina 
(bipolar and horizontal cells) may produce, in their immediate neigh- 
bourhood, changes of electrical potential of roughly similar time- 
course. Whether or not further work on intraretinally recorded 
responses to illumination confirms this simple hypothesis, it is to be 


expected, now that methods are available for determining accurately 


the position of a microelectrode within the retina, that the sources of 
the electroretinogram will not long remain uncertain, 

Even without sure knowledge of which structures in the retina 
generate it, the human electroretinogram, as recorded between an 
electrode mounted on a corneal contact lens and an indifferent electrode 
on the ear-lobe, forehead or cheek, has already made a clear contribu- 
tion to our knowledge of the nature of one abnormality of colour vision. 
In protanopia, ARMINGTON (1952) and ScHUBERT and BORNSCHEIN 
(1952) independently discovered that the electrical response to illumi- 
nation with red light is abnormal, lacking the early cornea-positive 
component called the X-wave. This clearly establishes that protanopia 
involves a retinal abnormality, and is not a defect of the central part 
of the visual pathway only. 

For the normal human eye, ADRIAN (1945) has provided satisfactory 
evidence that the electrical responses of the scotopic and photopic 
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mechanisms can be distinguished from each other. Attempts have 
been made by ArminaTon and TuHrepe (1954) and ArmMrNGToNn and 
BIERSDORF (1956) to analyse further the photopic response, and 
separate the contributions of different colour-receptive mechanisms. 
The analyses are incomplete, and even as far as they go, the evidence 
for them is not absolutely compelling, but they represent a useful 
beginning in a field which will certainly add more to our understanding 


of colour vision. 


XII. RELATION OF THE SPECTRAL SE? 
THREE CHANNELS DETERMINING 
EXPERIMENTAL DATA ON CoLouR MATCHING 
It has been generally accepted since KONIG a DIeTERICT (1886) that 
the reciprocals of the spectral eC itivitie f the mechanisms deter- 


mining trichromacy must be linear functions, with coefficients inde- 


pendent of wavelength, of the amounts of three specified primaries 


required to match constant energies of light at the wavelengths fo 
which the spectral sensitivities are to be determined. The well-known 
linear property of transformations from one set of real primaries to 
another (see, for example, Wricut, 1946, Chapter VIII) can easily be 
deduced from Grassmann’s third law. To prove that the spectral 
sensitivities of the three channels determining trichromacy must con 

form to a similar linear transformation, it is necessary t 

an extrapolation beyond the verified or p tentially l 

Grassmann’s law, or an assumption about the 

channels determining trichromacy respond 

sufficient assumption, though not a necessary 


and 4, of different spectral 


composition, hay 

given channel, then (4 -+- C) has the sam 

is any other light; and conversely, that if (4 is the same effect 
as (Bb + C), then A has the same effect 

If trichromacy is determined by pig this property has a 
theoretical as well as an experimental basis, and the commonly 
accepted assumption that the spectral sensitivity functions are linearly 
related to the colour matching functions is likely to be exactly valid. 
If trichromacy is not determined by pigments, it may be only an 
approximation; and where, as in extra-foveal retina, Grassmann’s 
third law does not hold, it may not be even approximately true. 

We have seen that, for the fovea, available evidence supports the 
view that trichromacy is determined by pigments. We may thus 
provisionally accept the restriction on admissible spectral sensitivity 
functions that they must be linearly related to the spectral mixture 
functions; but we should remember that this restriction is not 
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rigorously deduced from experimental data, but is based on a con- 
siderable extrapolation from those data, supported by a theory of the 
mechanism of trichromacy which, though very likely to be correct, is 
not yet securely established. 


XIII. RELATION OF THE MECHANISMS DETERMINING INCREMENT 
THRESHOLDS TO THE THREE CHANNELS DETERMINING TRICHROMACY 


The simplest hypothesis which can be made about the mechanisms 
determining increment thresholds is that they correspond directly to 
the channels which determine trichromacy. In accepting this hypo- 
thesis there is the immediate difficulty that five mechanisms are required 
to account for Stiles’s recent data on increment thresholds. Of these 
five mechanisms, 73, the blue mechanism which comes into action at 
high intensity, would not provide information independent of that given 
by its low-intensity counterpart 7,, since it has almost the same 
spectral sensitivity curve; but 7,, 7s, 74, and 7; would appear from 


their spectral sensitivity curves to provide mutually independent 


information, and hence should determine a tetrachromacy and not a 
trichromacy. There are two ways in which the facts and theory might 
be reconciled without entirely rejecting the simple hypothesis of a 
correspondence between the mechanisms determining increment 
thresholds and those determining trichromacy. The spectral sensiti- 
vities of the four increment threshold mechanisms might be related, 
to a close enough approximation for departures never to be supra- 
liminal, by a linear equation with coefficients independent of wave- 
length; or one of the four increment threshold mechanisms might not 
be a channel in the same anatomical sense as the other three, but 
represent some kind of interaction between them, which allows certain 
test flashes to be seen which without the interaction would have been 
subliminal. On the former alternative, the colour-matching properties 
can be deduced from the spectral sensitivities of any three of the mech- 
anisms unless the one omitted does not appear in the linear equation; 
we should naturally choose the three whose spectral sensitivities have 
been most accurately determined, namely 7,, 7,, and z;. On the latter 
alternative, the implications for colour matching depend on which 
“mechanism” has the subordinate status of arising merely from an 
interaction between the other three. The propertiés to be expected of a 
mechanism of this kind are analogous to those of a channel in the third 
form of the three-channel hypothesis: there is no necessary reason why 
its spectral sensitivity curve should have the same shape at different 
intensities, or be the same when measured by varying the test wavelength 
as by varying the background wavelength, and some ground for 
expecting that it should not. For a mechanism which does not represent 
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an interaction, on the other hand, the spectral sensitivity curve must, if 
there is only one photosensitivity pigment concerned, be an invariant 
property of that pigment. These considerations provide a reason for 
suggesting that if one of the ‘“‘mechanisms’’ determining increment 
thresholds represents merely an interaction between the others, it is 
likely to be 7, whose spectral sensitivities to test lights and to adapting 
fields have not been measured in corresponding parts of the spectrum, 
rather than 7,, 7, or z;, for which the two sensitivities are in fair 
agreement in the spectral regions where both can be measured. 

STILES (1953) has examined the colour-matching properties of a 
hypothetical eye which gains all its information from the mechanisms 
71, 7, and z;. He first compares the spectral sensitivity curves of these 
mechanisms with the best-fitting linear combinations of the C.LE. 
colour mixture curves and of Judd’s revision of these curves. The 
agreement, especially when Judd’s revised curves are used, is close, but 
there remains a small but significant discrepancy. This is especially 
clearly shown when the proportions of red (650 mu), green (530 my), 
and blue (460 mu) primaries required t atch spectral colours are 
calculated for the hypothetical eye which gai all its information 
from the mechanisms 7,, 7,, and z;, and the calculated values are 


) 


compared with Wright’s measurements, on another group of subjects, 


of these quantities. The comparison is shown in Fig. 17. In the 
neighbourhood of 500 mu (wave-number 20,000 em), the calculated 
negative coefficient of the red primary is only about a quarter of that 
observed, and in fact lies well outside the range of values among the 
ten subjects of Wright’s investigation. Despite + good agreement 
of observed and calculated values for the green and blue primaries, 
this discrepancy suffices to exclude the hypothesis that the colour- 
matching properties of Stiles’s five subjects are determined by three 
mechanisms with the spectral sensitivities of 7,, 7,, and 7;, unless 
Stiles’s subjects are substantially different in their colour-matching 
properties from Wright’s, or unless there is considerable inaccuracy in 
inferring from the increment-threshold data the spectral sensitivities 
of the mechanisms 7, and z;. A substantial difference in the colour 
matching properties of the two groups of subjects is unlikely, in view 
of the close agreement in this respect between Wright’s subjects and 
those investigated by Konia and Dirrericr (1886), ABNEY (1913), 
GuILp (1931), and Stites (1955). The possible error in inferring the 
spectral sensitivities of 7, and 7; from the increment-threshold data is 
difficult to assess from Stiles’s published curves, but it seems that it 
could perhaps be large enough to account for the discrepancy. 
It is evident that the simple hypothesis that the mechanisms deter 

mining increment thresholds correspond directly to the channels which 
determine trichromacy has to be a good deal strained to fit all the 
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facts, and will probably require some modification. There is insuffi- 
cient evidence at present to make it profitable to discuss the possible 
modifications in detail, but one suggestion may be worth making, 
because it can be tested by experiment. The shoulder on the spectral 
sensitivity curve of 7, around wavelength 600 my is a somewhat 


unlikely feature of an absorption spectrum of a single pigment, and it is 


absent in the spectral sensitivity curve of the 7, mechanism, which in 
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Fig. 17. Comparison of calculated proportions of red (650 my), green (530 my), 


and blue (460 my) primaries required to match the spectral colours for a 
hypothetical eye which gains all its information 
7-, With Wright’s measurements of these proportions. 


continuous curves experimental. (From 


about colour from the 


mechanisms Tis 74> and 
The points are calculated, the 
STILES, 1953.) 


other respects is so similar that it might be supposed to depend on the 
same receptive pigment. The new suggestion is that the shoulder on 
the curve as measured by the increment threshold technique is due to 
suppression or masking of the signal transmitted from the blue- 
sensitive receptors by the much greater activity, under the conditions 
in which the field sensitivity of the 7, mechanism is measured at long 
wavelengths, of the red-sensitive and green-sensitive ones. Such 
masking might occur in any part of the visual pathway, from the 
receptors to the cortex. The experimental test for it is to add, in an 
experiment where the increment threshold for blue light on a red or 
orange background, is being measured, a little blue light to the back- 
ground, On the original hypothesis of independent mechanisms, this 
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must raise the threshold by exactly as much as the addition of an 
amount of red or orange light equivalent to it on the spectral sensitivity 
curve of z, On the new hypothesis there is no reason why the blue 
supplement to the background should have the same effect as the 
“equivalent” red or orange supplement, and qualitative reasoning, 
based on the form of the curve relating increment threshold to field 
intensity for the 7, mechanism, indicates that for backgrounds raising 
the threshold by less than about ten times, it should have a smaller 
effect. 

The interaction suggested above to explain the shoulder on the 7z, 
curve differs from that suggested to reconcile the trichromacy of colour 
matching with the presence of more than three increment threshold 
mechanisms. The latter kind of interaction makes visible certain test 
flashes which without it would be subliminal; the former makes 
invisible certain flashes which, if the mechanisms were completely 
independent, could be seen. 

A possible criterion for deciding whether a spectral sensitivity curve 
inferred from measurements of increment thresholds is that of a single 
class of receptors depends on the effect on the threshold of varying 
the direction of incidence of the light on the retina. Directional 
selectivity, apart from that very small fraction of it which is due to 
pre-retinal loss of light, can only be a property of the receptors, or, in 
part, of the orientation of their pigment molecules. If an increment 
threshold mechanism depends on an interaction between two kinds of 
receptors with different directional selectivities, then its apparent 
directional selectivity must vary with wavelength. Where the hypo 
thesis to be tested is that of an interaction between rods and cones, 
whose directional selectivities are very different, this criterion may be 
useful (see Section XIV); but for interactions between one class of 
cones and another, it suffers from the disadvantages that the directional 
selectivities of different classes of cones do not appear to differ very 
much from each other (StriEs, 1939), and that the directional selec 


tivity of a single class of cones may not be entirely independent of 


wavelength (BRINDLEY, 1953). 


XIV. THe Rops as Biurz RECEPTORS 
It has from time to time been suggested (KOniG, 1894; Stviy, 1905: 
Roar, 1930; Witumer, 1946) that trichromatic colour discrimination 
depends on only two kinds of cones, the third degree of freedom being 
provided by rods, which, still using rhodopsin as their receptive 
pigment, act as the “blue” channel of the three-channel hypothesis. 
The principal evidence in favour of this suggestion is the dichromacy 
of colour discrimination with small foveal fields, which illuminate no 
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rods (see Section [X). The quantitative agreement between the size 
of field required to produce dichromacy and the size of the foveal 
region which histologically contains no rods is neither good enough to 
support the hypothesis strongly, nor bad enough to disprove it. The 
diameter of the foveal region entirely free from rods is said by PoLyak 
(1941) to be 500 to 600 w (1° 42’ to 2° 3’), and by OsTERBERG (1935) 
to be 260 4 (53’). RocHon-DuvIGNEAUD (1943) gives the very low 
value of 150 to 200 u (31' to 41’), but this is uncorrected for shrinkage. 
If Osterberg’s correction for shrinkage is applied to it, it comes into 
approximate agreement with his figure. Dichromatic colour matches 
can be made by most subjects on a bipartite circular foveal field of 
20’ diameter, but not on one of 30’ diameter. The failure to make 
dichromatic matches on a 30’ field is difficult to reconcile with the 
histological data on the hypothesis of two kinds of cones and one of 
rods, but is not altogether inconsistent with them, if the lowest histo- 
logical figures are taken and if it is assumed that subjects do not fixate 
the test fields very accurately. 

Trichromatic colour matching data for foveal fields of 2° diameter 
do not support the hypothesis of two kinds of cones and one kind of 
rod, since such matches are often very far from being matches for the 
rods of the peripheral retina; but they do not provide conclusive 
evidence against the hypothesis, because the absorption spectrum of 


the yellow pigment which screens all the foveal receptors is not known 


with certainty, and it is possible, though not very plausible, to postulate 
a screening pigment which reconciles the foveal matching data with the 
spectral sensitivity curve of extra-foveal rhodopsin-containing rods. 
Increment thresholds for blue or violet test flashes on backgrounds of 
longer wavelength (7, of STrLEs, 1953), have properties which provide 
very strong evidence that the blue receptors are not rods. Such 
thresholds have a spectral sensitivity curve which reaches a maximum 
at 450 mu, and is the same, as far as can be ascertained, for variations 
in test wavelength and in background wavelength. This spectral 
sensitivity curve agrees very well with that inferred from the colour 
matching data for the blue channel of the three-channel hypothesis. 
It could be reconciled with the hypothesis of rods as blue receptors 
only if the 7, increment thresholds were supposed to depend on an 
interaction between rods and cones, the cones inhibiting the rods. 
Such an explanation is rendered extremely unlikely by the close 
agreement between the spectral sensitivities for test flashes and for 
backgrounds, since if the receptors of the 7, mechanism were rods 
subject to inhibition by cones, the spectral sensitivity for test flashes 
should depend mainly on the rods, and that for backgrounds mainly 
on the cones. Further evidence that the 7, increment thresholds do not 
depend on rods is provided by the great effect on them of the direction 
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of incidence of the test flash (StrLEs, 1939), in a range of the spectrum, 
namely 420 to 500 mu, where, in any interaction between rods and cones 
the rods should be mainly concerned, and hence the directional selec- 
tivity be very slight; and also by the variation of 7, increment 
sensitivity with distance from the fixation point (BRINDLEY, 1954), 
which is quite different from that of absolute sensitivity to blue-green 
light. 

The clearest single piece of evidence that trichromacy does not 
depend on two kinds of cones and one of rods comes from the effect on 
extra-foveal trichromatic colour matches of attenuating all con- 
stituents in the same proportion. If receptors are of only three kinds, 
it is obvious that any two lights which affect all three kinds alike must 
match; and the converse of this, namely that any two lights which 
match must affect all three kinds of receptors alike, can be proved 
from generally acceptable assumptions (BRINDLEY, 1957b). It is well 
established (KOniIG, 1896; von Kriss, 1896; TscHERMAK, 1898; 
STILES, 1955), that if, in a trichromatic colour match established for a 
field large enough or far enough from the fixation point to illuminate 
a substantial number of rods, all constituents are attenuated in the 
same proportion nearly or quite to the brightness-level at which 
colour discrimination is lost, the match may cease to hold. This 
breakdown cannot be attributed to a change in the spectral sensitivities 
of receptors arising from photolysis of a screening pigment, for it occurs 
at light intensities far below those at which substantial fractions of any 
retinal pigments are bleached (BRINDLEY, 1955a, RusuHTon, 1956a, 
1957). If there are only three kinds of receptors illuminated, including 
the rods, then the two lights which match at the relatively high 
intensity must affect all receptors, including the rods, alike, and hence 
must still match when all constituents are attenuated in the same 
proportion, Since they do not, the hypothesis is contradicted. 


XV. CORRELATION OF INFERENCES FROM PSYCHOPHYSICAL 
EXPERIMENTS WITH OBJECTIVE STUDIES 
oF RETINAL PIGMENTS 


Attempts to account for the scotopic spectral sensitivity curve of the 
human eye on the basis of the properties of extracted rhodopsin have 
had substantial though not quite complete success (see RUSHTON, 
1956b). No photolabile pigments other than rhodopsin have yet been 
extracted from human retinae, and the objective study of such pig- 
ments in the living eye is still in a preliminary stage; but some 
interesting correlations have been made between some human visual 


phenomena and the properties of photolabile pigments of other verte- 


brates and the photostable macular pigment of the human eye. 
7 
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DARTNALL (1952, 1953) pointed out that the positive parts of the 
difference spectra of a number of photolabile pigments, including 
rhodopsin, which had been extracted from vertebrate retinae, could be 
superimposed on each other when plotted against frequency and shifted 
by suitable amounts along the axis of frequency. He argued that this 
property of difference spectra could be extended to absorption spectra, 
and suggested that this might also be true of other retinal receptive 
pigments still undiscovered. Stites (1953) and WILLMER (1955) have 
compared spectral sensitivity curves inferred from psychophysical 
data for mechanisms concerned in colour discrimination with the 
absorption spectrum of rhodopsin, suitably displaced along the spec- 


trum. Stiles’s comparison shows that the spectral sensitivities of 7, 


and 7, agree well with the displaced rhodopsin curve, and so does that 


of z,, with the exception of the shoulder at long wavelengths, which, 
as has been suggested in Section XIII, may possibly result from masking 
of the signal transmitted from one class of receptors by that from 
others which are much more active. The spectral sensitivity of 7s, 
however, cannot at all be fitted by a displaced rhodopsin curve. 
Willmer’s comparison shows that the spectral sensitivity curve of 
protanopes for small foveal fields can be fitted adequately by a dis 
placed rhodospin curve, but that of deuteranopes cannot. This agrees 
with Stiles’s comparison, if it is assumed, as is reasonable on other 
grounds, that the foveal spectral sensitivity curve or protanopes 
depends mainly on the same pigment or pigments as 7,, and that of 
deuteranopes as 7;. ‘These comparisons necessarily involve assumptions 
concerning the loss of light by absorption in the eye, but even if these 
are in error by the greatest amount that the data on which they are 
based reasonably admit, they do not allow the spectral sensitivities of 
7, or of the red ‘fundamental response” of Prrr (1944) to be represented 
by displaced rhodopsin curves. 

The absorption spectrum of the macular pigment of the human eye 
has been estimated by objective methods by SACHS (1891), WaLp 
(1949), and BrinpLEy and WILLMER (1952). In each of the objective 
methods, assumptions are made which could be entirely false; the 
methods of Sachs and of Wald use eyes excised after death, and so 
could be vitiated by post mortem changes, and that of Brindley and 
Willmer assumes without proof that the reflecting properties of the 
pigment epithelium and choroid are the same in the macular region as 
outside it. It is therefore satisfactory that the results obtained by the 
three methods agree well with each other, and also with those obtained 
by subjective methods, in which the assumptions, though likewise 
uncertain, are of an entirely different kind. The most satisfactory of 
the subjective methods is that of STILEs (1953), who compared the 
spectral sensitivity of the 7, mechanism at the fovea and in the 8 
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extra-fovea, and assumed that the properties ot the receptors concerned 
were the same in the two regions except for the presence of macula 
pigment screening the foveal ones. The close agreement of Stiles’s 
measurement with the absorption spectrum of leaf xanthophyll, which 
WALD (1949) believes is the screening pigment, is shown in Fig. 18. 
Theoretical interpretations of the long-wavelength parts of the 
absorption spectra of visual pigments have been suggested by STILES 
(1948) and Lewis (1955). Stiles’s suggestion, not intended to give a 
complete account of the absorption spectrum, but an approximation 


to part of it, was that the internal energies of the chromophore groups 


0-5 


(8°extrafoveal sensitivity) 


& 
25 OOO 


log 
— log (foveal sensitivity) 


Wave number 


} 


Fig. 18. Points: difference between log 
the 8° extrafovea. Continuous curve: 
phyll in chloroform. 


are continuously distributed according to Boltzmann’s law, and that 


the probability of absorption of a quantum has a constant value A if 


its energy hy suffices to raise the internal energy of a chromophore 
group on which it is incident to a fixed value 2, and is zero if its 
energy is less than this. This assumption implies that for frequencies 
less than E,/h, the natural logarithm of the absorption is linearly 
related to the frequency with a gradient //k7’, where A is Planck’s 
constant, & Boltzmann’s constant and 7’ the absolute temperature. 
The spectral sensitivity curve for human foveal vision shows, over a 
wide range of frequencies in the red, a linear relation between the 
logarithm of the sensitivity and the frequency (GOODEVE, 1936) with a 
gradient of about 0-87h/k7'. The gradient has been found to be, within 
the limits of experimental error, inversely proportional to the subject’s 
absolute temperature over the range 34-2 to 39-8°C (DE Vriks, 1948; 
LEwIs, 1955). 

Lewis’s explanation of spectral sensitivities at long wavelengths is a 
modification of Stiles’s, and makes the same assumption that the 
probability of absorption of a quantum has a constant value A if its 
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energy suffices to raise the energy of the chromophore group on which 
it is incident to a fixed value F, and is zero if its energy is less than this. 
It differs in that instead of the Boltzmann distribution it takes from 
HINSHELWOOD (1940) the expression 


BRT (E/kT)™ = (E/kT)"— . 
lm! " (m 1)! ane | 


é 


for the fraction of molecules with energy greater than #, where the 
molecules have m +- 1 modes of vibration. If m is assumed equal to 6, 
this theory gives an absorption curve whose shape agrees well with that 
of the scotopic sensitivity curve of the eye from 560 my to the extreme 
red. Lewis also argued, partly on theoretical grounds, and partly by 
analogy with known homologous series, that, if visual pigments were 
members of a homologous series of polyenic compounds, as the wave- 
length of maximum absorption increased, the value of m should decrease, 
and hence the steepness of the absorption curve at very long wave- 
lengths increase. This led to the prediction that the locus of the spec- 
trum in the chromaticity diagram should return along itself at very 
long wavelengths: each very long wavelength should produce a sensa- 
tion indistinguishable, when the intensities were matched, from that 


produced by one shorter wavelength, and lights of intermediate 


wavelength should always appear redder. The prediction was con- 
firmed by BRINDLEY (1955b), who found that wavelength 711 mu gave 
the same chromaticity as 688 mu, 749 mu as 679 mu, 786 mu as 674 mu, 
850 mu as 652 mu, and 887 mu as 641 mu. The agreement between 
the experimental isochromes and those implied by the theory can be 
made very close indeed if suitable values of the arbitrary constants 
are taken, but it cannot be taken to establish that the two pigments 


concerned are certainly members of a homologous series. 
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THE ELECTROCHEMISTRY OF 
BACTERIAL SURFACE 


a. M. James 


I. INTRODUCTION 

In biological systems, phase interfaces play an all important role and a 
knowledge of their precise behaviour is essential to a full understanding 
of the processes associated with biological activity. The cell surface is 
the barrier whereby the living organism establishes equilibrium with 
its external environment. Through it must pass both the substrates 
required for cell metabolism and also the waste products and toxins 
produced by the complex chemical reactions occurring within. More- 
over, it is the supporting system for enzymes attached either on the 
inside or outside of the membrane. The first and often the final site 
of drug action is at the surface. Thus a knowledge of the structure, 
both physical and chemical, of this vital part of the cell, together with 
its interaction with substances in the environment is of the greatest 
importance. 

In some cells the living surface represents the ultimate boundary of 
the cell, whilst in others (plant and bacterial cells) it is often surrounded 
by an outer non-living wall. Since the non-living wall is apparently 
freely permeable to dissolved substances, the penetration of substances 
in solution is governed by the living membrane which maintains the 
distinction between the cell interior and the surrounding medium, 

From the earlier work on erythrocytes and model surfaces it became 
apparent (Davson and DANIELLI, 1943) that the surface of these 
living cells is a mixed protein-lipid film, in which the lipid is a double 
layer of molecules oriented with their polar groups directed to the 
aqueous phase and with their long lipophilic chains directed inwards 
and interlocking. Npread at the surface of the lipids there may be a 
variety of proteins. 

In the study of the bacterial surface by widely differing techniques 
there may be some confusion as to the exact meaning of the term 
“surface.” Proceeding towards the centre of the bacterium from the 
bulk of the suspension medium a point is reached at which a difference 
from the surrounding medium occurs. The first material encountered 
is probably a cloud of loosely held ions, mixed with soluble bacterial 
products (salts, enzymes, etc.) which are diffusing away from the cell. 


Then comes a diffuse “‘slime” layer, either carbohydrate or polypeptide ; 
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followed by a complex structure of proteins, lipids and polysaccharides, 
with some mechanism for the passage of certain molecules. To the 
classical microbiologist the surface begins at the point where the light 
absorbing properties and the refractive index differ substantially from 
the medium. This definition excludes capsular material and also the 
type of material that determines the electrokinetic surface. The 
electron-microscopist might define the plane at which a stream of 
vaporized gold is held as the surface, but care must be taken in inter- 
preting these results on dried and often distorted cells. Microscopical 
techniques, involving fixing and staining, determines with some 
precision where the ‘common-sense surface”’ starts, although this may 
be a long way from the surface that is all important to the bacterium. 
From a consideration of the passage of molecules in and out of the cell 
it is not unreasonable to postulate a bacterial surface permeable to 
particles ranging in size from simple ions to macromolecules, a surface 
whose permeability varies with the technique used to explore it. 

The chemical constitution of the wall and its contribution to the 
weight of the bacterial cell has been investigated for many strains of 
bacteria. The main components in the cell wall are peptide (amino 
acids), polysaccharide and lipid. The walls of Gram-positive organisms 
contain a limited range of peptide components (aromatic and S-amino 
acids, proline, histidine and arginine are never present) while in con 
trast the walls of Gram-negative bacteria contain a range of amino 
acids similar to those found in proteins (SALTON, 1956). The exact 
nature of the peptide components has not been fully investigated 
although in the peptide fraction of Corynebacterium diphtheriae both 
hexosamine and diaminopimelic acid have been detected (HOLDSWORTH, 
1952). 

Another component detected in the (isolated) walls of both Gram- 
positive and -negative organisms is polysaccharide, the actual amounts 
varying from one organism to another. In addition to reducing sugars, 
after acid hydrolysis, hexosamine was detected, there being less in the 
walls of Gram-negative bacteria than in those of Gram-positive 
bacteria. There is insufficient evidence to decide whether the poly 
saccharide components represent structural units of the wall or whether 
they are merely physically attached to the cell wall. 

The lipid constituents of the walls can only be defined by the method 
of extraction. Gram-positive bacteria contain negligible amounts of 
“ether extractable lipid’? whilst Gram-negative organisms may contain 


as much as 8 per cent (SALTON, 1952, 1953). After acid hydrolysis, 


ether extraction showed a ‘“‘total lipid’’ content as high as 22 per cent 
from Gram-negative and | to 2-5 per cent from Gram-positive 
organisms. At the moment there is little information about the chemical 
nature of these cell wall lipids. 
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The chemical approach to the study of cell walls gives a general idea 
as to the nature and amounts of the different components present. 
This information does not, however, lead immediately to their arrange- 
ment on the surface. Light may be shed on this particular problem by 
various physical methods, including the comparison of a particular 
physical property with the same property of a model surface. In 
addition to the electrokinetic method to be described here, the use of 
infra-red absorption spectra of bacteria is already proving a valuable 
tool to this end (RANDALL and SmirH, 1953; SCHNEIDER and 
McLaveutn, 1955). 

The physical techniques employed do not generally cause serious 
damage of the biological structure in contrast to the degradation 
achieved chemically. Of particular interest in this respect is the study 
of the variation of the electrokinetic or zeta-potential of bacteria under 
different conditions of growth and test. The method consists essentially 
of the determination of the velocity of the organisms in a solution of 
known ionic strength and pH under a constant applied field strength, 
i.e. the electrophoretic mobility. Experimental manipulation and hence 
cell disorganization is reduced to a minimum, 

Using this technique various workers have shown that organisms 


may have a cell surface which is either predominantly polysaccharide, 
or lipid, or a mixture of the two. A study of the electrophoretic 
behaviour of S and F& variants shows that dissociation is accompanied 
by a modification of the bacterial surface. Growth and adaptation of 


organisms in the presence of bacteriostatic agents results in the forma- 
tion of a strain of organisms which, biologically, is indistinguishable 
from the parent strain, but which has a markedly different electrokinetic 
behaviour. It has been established that this difference in behaviour 
is due to an alteration in the surface components of the bacterial cell 
wall. 

This review deals briefly with the mathematical theory underlying 
the phenomenon of electrokinesis, the experimental methods for deter- 
mining the electrophoretic mobility and hence the zeta-potential, the 
general results of such work, and, finally a discussion of the more impor- 


tant observations and conclusions, 


Il. ELECTROKINESIS AND THE MOVEMENT OF 
CHARGED PARTICLES 


1. Concept of double layer 

Electrokinesis is the term applied to a group of phenomena which have 
a common origin in the asymmetrical distribution of electric charges 
at an interface, ‘‘the electrical double layer.” If an electric field is 
applied to a system consisting of a solid and a liquid phase, there will 
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be movement of one phase relative to the other at a velocity dependent 
upon the boundary potential across the plane of shear, the zeta- 
potential. Conversely, if one phase is moved mechanically relatively to 
the other, then a potential (often referred to as the streaming potential) 
will be set up. 

The first recorded observations of these electrokinetic phenomena 
are those of Reuss (1809), but it was QurncKE (1861) who first recog- 
nized their origin and put forward the earliest concept of the electrical 
double layer. On this theory HrLmMHourz derived the relationship 
between the velocity (v) and the electrokinetic or zeta-potential : 


CDX 


tor?) 


eR) 


where D is the dielectric constant and y the v iscosity of the suspension 
medium and X the field strength (V/cm). The magnitude of ¢ 
depends upon the nature of the medium as well as the surface involved. 

Although the original Helmholtz theory involved no assumption 
regarding the structure of the double layer, some general information 
on the distribution of ions at an interface is necessary to the under 
standing of processes occurring on the surface. The theory now 
accepted is that developed by STERN which embodied the principles 
put forward by HELMHOLTZ, PERRIN, Guoy, and CHAPMAN. HELM 
HOLTZ predicted that the double layer constituted a parallel plate 
condenser, but this was criticized by Guoy and CHAPMAN on the 
basis that thermal energy would tend to distribute the ions throughout 
the solution. In place they postulated a diffuse ionic atmosphere in 
which the potential falls to zero over the distance 1/A, the statistical 
thickness of the double layer. This simple picture predicts a capacity 
of the double layer higher than that obtained experimentally, the dis 
crepancy being attributed to the treatment of ions as point charges. 
STERN (1924) showed that alone neither the sharp nor the diffuse double 


layer theory was adequate and he developed a theory embodying the 


essential characteristics of both. The double layer is thus divided into 
two parts; one approximately a single ion in thickness remains almost 
in contact with the surface. In this layer there is a sharp fall in potential. 
The second part extends into the liquid phase and is diffuse. In this 
diffuse atmosphere, to which the Guoy-Chapman theories are appli 
cable, thermal agitation permits free movement of the ions. The 
distribution of positive and negative ions is not, however, uniform since 
the electrostatic field at the surface results in the attraction of ions of 
the opposite sign. 

STERN further considered the possibility of specific adsorption of the 
ions and assumed these to be located in the molecular plane. This 
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condition at a solid-liquid interface is illustrated diagrammatically in 
Fig. 1, where the shaded portion represents the solid and the vertical 
broken line the limit of the fixed layer. The charge on the wall is equal 
in magnitude but opposite in sign to the charges of the fixed and diffuse 
parts of the double layer. 

It is apparent that when an external field is applied to a particle 


suspended in a liquid the migration velocity is related to that part of 


the total potential gradient across the shearing plane where the 





Fig. 1. Electrokinetic potential. 


potential is ¢. Thus the numerical value of the zeta-potential is depen- 
dent on the position of the shearing plane with respect to the demarca- 
tion plane between the fixed and diffuse layers. Since the thickness of 
the double layer varies with the ionic strength of the suspending 
medium, the potential across the shearing plane will depend upon the 
presence of electrolytes. 

An increase in the electrolyte concentration results in a tendency for 
cations to accumulate on the solution side of the fixed layer (i.e. along 
the line AB). Originally it was believed that the only effect of this 
was to decrease the charge density (oc), but it has now been established 
that the thickness of the double layer (d) also decreases. It follows 
from equation (2): 

doda 


(2) 

D 
that a decrease in either o or d or both will result in a decrease in f. A 
sufficient decrease in d may cause a lowering of the zeta-potential 
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although o increases—a phenomenon which has been observed in many 
instances. The higher the valency of the cation the smaller will be 
the concentration required to produce a given effect. If the positive 
ion concentration is made very large the sign of the zeta-potential may 
be reversed. This has been attributed to the diminution of the thickness 
of the double layer to such an extent that it collapses and reforms with 
a reverse charge. The Nernst or thermodynamic potential (#) is not 
identified with that part of the double layer which is effective in pro- 
ducing electrokinetic effects. Electrokinetic phenomena are always 
accompanied by a tangential movement of two phases and are essen- 
tially irreversible. A marked difference of the dependence of { and # 
for the same surface, on the salt concentration is observed. FREUND 
LicH and Rona found that the zeta-potential of a glass surface was 
markedly affected by minute quantities of ions of high valence, while 
the glass electrode potential (#) depended only on the hydrogen ion 
concentration and not at all on the presence of other ions. 


2. Mathematical treatment of m gration in an electric field 

Although QUINCKE was the first to suggest that electrokinetic pheno 
mena had their origin in the double layer, a precise mathematical 
treatment of the relationship between the zeta-potential and the 
migration velocity was not formulated for many years. Theories were 
put forward by HELMHOLTZ, PERRIN, PeELLAT, and Lams and more 


recently by Desyr, HuckeL, and Henry. The early theories have 
been discussed by ABRAMSON, Moyer, and Gorrn (1942). 


SMOLUCHOWSKI, regarding electrophoresis as the reverse of electro 
osmosis, derived the equation: 
v DE ; 
: Ste 
x day 


relating the electrophoretic mobility (@) to the zeta-potential. Equation 
(1’) is applicable to a particle of any shape or orientation as well as to 
an oriented cylinder, provided that (a) the particle is of ‘“‘easy”’ shape, 
and (b) the radius of curvature of all points on the surface is much 
greater than the thickness of the double layer. 

DEBYE and HvucKeE. (1924) put forward a direct derivation of an 
electrophoresis equation from a consideration of the forces acting on a 
charged particle subjected to an applied field. Their equation is iden- 
tical with that of SMoLUCHOWSKI except for the constant. Their final 
equation, which may be written in the form: 
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is valid independent of the size or shape of the particle; but the 
constant C depends upon both these factors. Analysis of the hydro- 


dynamic equations for a sphere and a cylinder gave values of C as 


1/67 and 1/47 respectively. Later Henry (1931) found that C was also 
dependent on the orientation and for a cylinder oriented broadside to 
the field obtained the value of 1/87. 

This discrepancy between the results of the two theories from the 
different considerations suggested a serious defect in the fundamental 
theory underlying electrokinetic phenomena. The problem arises as 
to which of the theories is correct; they may, of course, be only 
extreme limiting cases of a more general theory. The two possible 
methods available for solving the problem are experimentation and 
a more detailed and critical analysis of the mathematical derivations. 

The limited experimental evidence is in agreement with the 
Smoluchowski equation. ABRAMSON (1931) and ABRAMSON and 
MICHAELIS (1929) have, for example, shown that for white blood cells 
and also for inert particles coated with protein, the mobility is inde- 
pendent of shape, size, and orientation. The SmoLucHowskI Lheory 
further predicts that the ratio of electrophoretic and electro-osmotic 
velocities should be unity. The difficulty encountered in testing this 
prediction is that of obtaining identical surfaces of the same material 
when prepared in the massive (tube) or disperse forms. Of particular 
interest, in this respect, is the data of BuLL (1935) who showed that 
the zeta-potentials of adsorbed protein films determined by electro- 
phoretic, electro-osmotic and streaming potential measurements are 
identical. Not only do the results support the SMoLUCHOWSKI theory, 
but they also emphasize that the three phenomena are inherently the 
same and depend equally upon the same zeta-potential. The experi- 
mental data is admittedly limited and it would be more satisfying if a 
wider range of surfaces had been investigated. 

Mooney (1931) and Henry (1931) independently showed that the 
two theories applied to different limiting cases. While SmoLUCHOWSKI 
had assumed that the radius of curvature of the particle was great 
compared with the thickness of the double layer, it was implicit in the 
treatment of DeBpyr and Hucket that the radius of curvature was 
small compared with the thickness of the double layer. DrBYE and 
HUCKEL assumed that the applied potential was undisturbed by the 
presence of the migrating particle, an assumption which is only strictly 
valid when the conductance of the particle is identical with that of the 
medium or when the particle is so small that no appreciable distortion 
of the medium occurs in the double layer. Since in general the con- 
ductance of the migrating particle can be taken as zero it can be seen 
that this theory applies only to very small spheres. Clearly then, the 
mobility of particles under conditions intermediate between the 
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limiting cases will depend on the relative value of the radius of the 
particles and the thickness of the double layer. 


The effect of distortion of the external field has been considered fully 


by Henry (1931), who derived the equation 


DC 
—— f(Kr) ee 
O77), 
where r is the radius of curvature of the particle and K the reciprocal 
thickness of the double layer given by: 
: tore2N 
K ie 
\, LOOO DET 
where c, is the ionic concentration, z,; the valence, V the Avogadro 
Number and k the Boltzmann constant. Since the ionic strength 
(u) as defined by Lewis and RANDALL is 1/2 Lc ,z,7, A at 25°C in water 
becomes: 
K O-327 


The term f(A7) represents a series of powers of Ar obtained on 
integration. Comparing equations (3) and (5) it is apparent that the 
constant C {(Kr)/67. Fig. 2 shows the variation ‘of the mobility with 











+Kr 


9 


Fig. 2. Variation of mobility with A 


(From KRrvyYT Colloid Science, Vol. 1, Chap.V., put 


Kr for cylindrical and spherical particles. It thus emerges that the 
original SMOLUCHOWSKI equation is valid for the cases of (a) a cylin 
drical particle moving parallel to the field for all values of Av, and (6) 
a spherical particle or a cylindrical particle moving at right angles to 
the field provided Kr > 100. 

As far as micro-organisms having a radius of the order of 10-4 cm are 
concerned, the limiting equation of SMoLUCHOWSKI may be applied 
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provided that the observations are made in electrolyte solutions 


(preferably buffered) of ionic strength exceeding 10-% and not in dis- 
tilled water, as has been common practice. Mobility values for bacteria 
of widely different taxonomic groups are listed in Table 1, together 
with the medium in which they were suspended for test. 

In addition to the uncertainties of the theory already discussed 
considerable doubts arise concerning the assumption that the values 
of the dielectric constant and viscosity are the same in the double layer 
as in the bulk of the liquid. Although most authors assume the 
viscosity to be constant there is no general agreement on the dielectric 
constant. It is of interest to record that HrLMHoLtTz in his original 
treatment made no mention of dielectric constant, instead he used the 
symbol 7 for the moment of the double layer, which he defined as being 
the potential difference between the two sides of the double layer 
divided by 47. As far as our present theoretical knowledge is concerned 
it would appear that the zeta-potential is more closely associated with 
surface phenomena. 

If required the value of the net surface charge density can be 


obtained from the expression: 


NDkT iS kT y I \) 4 si 
: s uC, (¢ 1) LC, (¢ , 1)}: Pea bk 
20007 
where c,; and c,; are the concentrations of anions and cations and z, and 
z. their valence. o has the same sign as €. 
For elect rolytes consisting of ions of single valence z and concentration 
c equation (7) reduces to the simple form: 
| NDkT zel 
2 : » . sinh ee 
A) 20007 kT 
These equations are valid for all values of ¢. For human erythrocytes 
in M/15 phosphate buffer solution at pH 7-4, with a mobility of 
1-31 «/sec/V/em, the surface charge density is 4500 e.s.u. (ABRAMSON 
and Moyer, 1936). 


[11. THe MEASUREMENT OF ELECTROKINETIC POTENTIALS 
OF MICRO-ORGANISMS 
Theoretically any of the phenomena grouped under the general term 
of electrokinesis may be used to determine the zeta-potential at an 
interface, but in practice limitations are imposed by the mechanical 
properties of the surface. For colloidal particles in general and micro- 
organisms in particular the choice is limited almost exclusively to a 
determination of the electrophoretic mobility from which the zeta- 
potential is calculated by equation (1). In this method it is necessary 
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to determine simultaneously the migration velocity and the applied 
field strength to give the mobility (em/sec/V/em). 

The migration velocity under the applied field may be measured 
either by observing the movement of the boundary between the 
suspension and the electrolyte solution (BURTON, 1909) or by observing 
individual cells under the microscope, a method first suggested by 
Evuis (1911). 

The micro-electrophoresis cell can be regarded as a single class 
capillary in which electrophoresis is conducted on the stage of the 
microscope. The velocity is measured by timing a particle across a 
calibrated scale in the eyepiece. This method, in the study of bacteria, 
has distinct advantages over the U-tube method (Moyer, 1936a). 
Firstly, the ionic environment of the cells remains constant during the 
short period of observation (10 to 30 see compared with 30 to 60 min 
in the U-tube method); secondly, differences in the mobilities of indi- 
vidual organisms can be simultaneously measured and thirdly, any 
variation of the mobility with size and shape can be directly observed. 


lL. The ory of closed cell 


The suspension is contained in a closed chamber between two reversible, 
non-gassing electrodes. The chamber, which may be of circular or 
rectangular cross-section is mounted under the microscope. Since the 
walls of the cell assume a charge relative to the contained liquid, there 
will be, on the application of an electric field, an electro-osmotic 
transfer of liquid along the walls and, in a closed system, a return flow 
through the centre. The observed particle velocity (V ops) will be the 
algebraic sum of two superimposed velocities; namely the absolute 
velocity of the particle relative to the liquid (} ’ and the velocity of 
the liquid ( V.). 


V obs 


V,, varies through the depth of the cell, whilst V, is constant at all 
levels. It therefore follows that the value of Vo», will depend on the 
depth within the cell at which it is measured (Fig. 3). For cells of 
rectangular cross-section, in which the ratio of width to thickness is 
great and where there is no turbulent flow, the average observed 
velocity of the particles at all depths can be shown to be the true 
electrophoretic velocity (V,) of the particle relative to the liquid. Thus 
the value of af may be obtained by determining V ops at different 
levels in the cell followed by graphical integration. 

Since the liquid flows along the walls in one direction and returns 
through the centre there will be two eddies where the liquid is stationary 


and at these levels V, Vons. From the laws of laminar streaming of 


viscous liquids in symmetrical rectangular cells, of thickness greater 
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than 0-5 mm and the ratio of width to thickness greater than 20, these 
stationary levels occur at depths 0-21la and 0-789x (x = thickness of 
cell) from the roof of the cell. The observed velocity of the particles 
at either of these levels is then the true electrophoretic velocity. As 
the depth of the cell is decreased, however, the Von; — depth curves 
(Fig. 3) become very steep at these levels and errors introduced through 
inaccurate focusing become increasingly serious. For cells of total 
depth less than 0-5 mm it is safer to use the integration method 
(Evxis, 1911). 


0:4 











O 
Fractional depth 








Fig. 3. Velocity-depth curve for Aerobacter aerogenes. (Theoretical curve 
drawn through experimental points, positive velocity towards positive electrode. 


S denotes the stationary levels.) 


The symmetry of the cells may be tested by first coating the walls 
with gelatin and then determining the V ops depth curve for gelatin 
coated collodion particles. Under these conditions the electrophoretic 
and electro-osmotic velocities will be equal, and for a symmetrical cell 


the curve will extrapolate through the origin (ABRAMSON, Moyer, and 


Gorin, 1942). An alternative method, not involving coating the cell 
with protein, is to determine the electrophoretic mobility of bacteria 
(or colloidal particles) at different depths and confirm that the data 
conforms to the theoretical requirement of a parabolic profile (Fig. 3). 


2. T'ypes of micro-electrophoresis apparatus 

Subsequent to the pioneer work of Exits (1911) many different types 

of cell have been described (‘THompson, 1942). Hydrodynamically the 

cylindrical cell is to be preferred on account of its symmetry; but the 

complexities of its use offset this advantage. Unless special optical 

precautions are taken there is a considerable distortion of the images of 
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the suspended particle and there is difficulty in focusing on the station- 


ary level as the distance from the roof of the cell increases (BUSWELL 
and Larson, 1936; Henry, 1938). Further the stationary level is a 
cylindrical plane within the tube and is therefore not flat in the field 


of view of the microscope. 

Owing to the steepness of the V ops depth curves in the region of 
the stationary levels, a slight error in focusing will introduce consider- 
able inaccuracies in the mobility measurement. This has been overcome 
in a cell in which the return flow of liquid occurs not along the centre 
of the observation chamber, but through an auxiliary tube (SmrrH 
and Lisskz, 1936; Brnriams and Gustavson, 1943; Rutarers, Faca, 
and VAN DER MINNE, 1950). The true velocity of the particle can be 
observed at the median line of the cell, errors through inaccurate 
focusing being thereby reduced. The operation of this cell assumes that, 
during the course of an experiment, the surface conditions in both 
tubes are identical. All these cells use platinum electrodes. 

Several types of micro-electrophoresis apparatus based upon the flat 
rectangular cell pattern have been described; the construction of such 
cells has presented serious technical difficulties. The earliest were made 
either from glass plates in which a groove was cut and covered with 
another glass plate or from microscope slides cemented together 
(NorTHROP, 1921; Kruyt and ARKEL, 1923; Kunitz, 1923; Fak, 
JENSEN, and MILts, 1928; Tuvortma, 1928; Brown and Broom, 1929a; 
BULL, 1935 and Dove.as, 1947). Such cells, however, are not capable 
of any high degree of accuracy, since the use of cement makes adequate 
cleaning difficult and unevenness of the surface interferes with the 
hydrodynamic behaviour of the liquid. Most of these cells incorporated 
irreversible platinum electrodes thereby introducing further errors. 


» 


Norrurop (1921) and Kunitz (1923) were the first to suggest the use of 
reversible Zn/ZnSO, electrodes and later Butt (1935) used Cu CudsO, 
electrodes. 

The first glass-blown cell was that of NorrHrop and Kunrrz (1921) 
who sealed microscope slides together and joined the cell to the 
electrode compartments by rubber tubing. The rubber connections 
caused difficulty in cleaning, vibration and support. 

The first type of apparatus capable of giving accurate quantitative 
measurements was designed by ABRAMSON (1929a) in which the separate 
glass parts of the Northrop-Kunitz cell were fused together. A com- 
plete description of the apparatus and the experimental procedure has 
been given by Moyer (1936a) (Fig. 4). When observing large particles, 
the rate of sedimentation makes measurements in the horizontal cell 
difficult. This may be overcome by either mounting the observation 
cell vertically (ABRAMSON, Moyer, and Vort, 1936), or laterally, i.e. 
the shorter axis of the cell in the vertical plane (HARTMAN, BATEMAN, 
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and LAUFFER, 1952). With the cell in either of these positions an 
individual particle will remain in the stationary level and, by repeated 
reversal of the polarity of the electrodes, may be observed for long 
periods of time. The lateral mounting is preferable to the vertical 
since convection due to thermal effects is considerably reduced with the 
shorter connecting tubes to the electrode assemblies. 


Saturated solutio 


sodium si 


Microscop 


Fig. 4. Micro-electrophoresis apparatus (as used in Author’s laboratory). 


Fl T'ype Ss of é lectrode S 

Considerable difficulty has been encountered with the electrodes and 
electrode assemblies which have been employed. Platinum has been 
most commonly employed, but this is liable to cause serious errors 
owing to gas evolution and change of pH of the suspension medium. 


Agar plugs saturated with potassium chloride have been used to prevent 
the diffusion of the electrode liquid (saturated ZnSO, or CuSQ,) into 
the suspension (ABRAMSON, 1929a). These plugs give reproducible 


results for a short period; however, owing to the shrinkage of the agar 
they have to be frequently replaced. 

In this respect plaster of Paris plugs are preferable and if prepared 
and saturated (with Na,SO, to render them conducting) with care will 
give six to eight weeks’ service. Eventually copper sulphate diffuses 
through the plug, giving rise to anomalous and erratic results. The 
plug then has to be replaced. In an attempt to prolong the usefulness 
of such plugs HARTMAN ef al. (1952) designed an assembly comprising 
two plaster plugs: 
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The sodium sulphate solution is replaced weekly so that copper ions 
do not migrate into the suspension. 

In an electrophoresis apparatus described by Briaa@s (1940) rever- 
sible Hg/Hg(NO,), electrodes were used. No plugs were used, the elec 
trical connection to the suspension was made by a half saturated 
solution of potassium nitrate. The density of this is sufficient to 
prevent diffusion into the cell compartment. 

Replacement of the plaster plugs in the original ABRAMSON apparatus 
by sintered glass discs has resulted in a permanent set-up, which does 
not have to be dismantled for renewing the plugs (LovEDAY and JAMmEs, 
1957). The electrodes used in this apparatus are Ag/AgCl in a 3-5M 


potassium chloride solution. 


4, Determination of fie ld stre ngth 
Three methods have been suggested for the determination of field 
strength: 

(a) From total impressed voltage (NoRTHROP, 1921) 

(6) from fixed proportion of total impressed voltage, using 
auxiliary platinum electrodes sealed into the electrophoresis cell; 
and 

(c) from conductance and current data, making use of the equation 


X = I/qk 


where X is the field strength (V/em), 7 the current flowing through 
the cell (amps), q the cross-sectional area of the cell (em*) and k, 
the specific conductance of the suspension (mhos). 

Of these, the last, in which the current flowing through the cell is 
measured, has been shown to be the most accurate and its applicability 
to cells of the types described has been demonstrated (ABRAMSON, 
1929a). Slight changes at the two electrodes may occur and this results 
in an alteration of the field strength which is not apparent from the 
determination of the applied voltage by either methods (a) or (0) 
(Moyer, 1936a). 

To maintain a constant current during the period of observation it is 
necessary to use a resistance unit of the type described by ABRAMSON 
et al, (1942), 


5. Standardization of the cell 
For the determination of any electrophoretic mobility value it is 
necessary to know the cross-sectional area g, of the cell. This may be 


achieved by measurement with considerable accuracy for cylindrical 
cells, but with rectangular cells large inaccuracies are often incurred. 
[t is therefore preferable to have a standard suspension, the particles 


A 


of which have a known and reproducible mobility, for calibration. 
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suspension of human red blood cells in 0-067M phosphate buffer at 
pH 7°35 at 25°C with a mobility of 1-31 + 0-02 ,y/sec/V/em 
provides such a standard. In buffer solution the mobility is independent 
of the age, race, sex or blood group of the donor (ABRAMSON, 1929b). 


6. Temperature 

Determinations of the particle velocities are most conveniently made 
at room temperature, but it is desirable to refer all results to a standard 
temperature. PowNnry and Woop (1940b) have shown that the 
relationship 


where 7, and 7, are the viscosities and v, and v, the electrophoretic 
velocities at the two temperatures, is valid over the range 20 to 60°C, 
Thus the electrophoretic velocity may be corrected to 25°C and the 
mobility calculated. 


7. Sources of error in the determination of mobilities of micro-organisms 
Since it was first shown by Brcuoup that bacteria were negatively 
charged in aqueous suspension much further information has accumu- 
lated. Much of the earlier work cannot be considered as reliable for 
either or both of two reasons: firstly, poor experimental technique, 
and secondly, incorrect theoretical interpretation of the zeta-potential. 

The more serious sources of experimental error may be listed: 

(1) In the earliest work, little or no attention was paid to electro- 
osmotic effects. Later workers using the Smoluchowski theory to 
determine the stationary levels have applied it to cells not satisfying 


the requirements of the theory. The large amount of data obtained 


with cylindrical cells appears to have been affected by omitting 
corrections for accurate focusing on the stationary level. 

(2) Errors of 50 per cent may arise when the field strength is 
calculated from the applied voltage. 

(3) The use of distilled or conductivity water as a suspension 
medium is a potential source of considerable error. The value of Ar 
for small particles in distilled water lies in the range where the 
Smoluchowski theory ceases to be valid. Further, the charge on a 
non-ionogenic surface, caused by adsorption of ions from the medium, 
is very sensitive to changes in the ionic environment. In water, where 
the charging process has proceeded to about 1 per cent of the total, 
the most important charging species is the bicarbonate ion. Thus 
changes in the carbon dioxide content of the water used will have a 
profound effect on the mobility of the particles. Further, accidental 
contamination with minute traces of electrolytes arising from imperfect 
washing of the particles or leakage from the electrode compartments 
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will influence the mobility. The addition of sufficient electrolyte to 
double the surface charge of a suspension in distilled water results in a 
40 per cent increase in the mobility. The addition of the same amount 
of electrolyte to the same suspension in buffer of ionic strength 0-013, 
on the other hand, produces no significant change in the mobility 
(Moyer, 1936a). The use of the original growth medium as the sus- 
pending menstruum for bacteria is to be deprecated on the grounds 
that it contains proteins, toxins, carbohydrates, etc., all of which 
interfere with the determination of the actual mobility. 

(4) Early workers omitted any temperature correction, thus obtaining 
serious errors in the final mobility value. This is particularly serious 
in the range 18 to 25°C where a 1°C rise in temperature is accompanied 
by a 2 per cent decrease in the viscosity. 

(5) The complex nature of the biological material being used was 
often incompletely understood. Bacterial species often exist in rough 
and smooth forms, each of which exhibits a distinct surface behaviour. 
The presence of flagella and capsules introduces further complications 
which are far from being understood. 

(6) Failure to report the growth conditions and the age of harvesting 
of the organisms for electrophoretic studies makes comparisons of 
results difficult. Many workers have reported variations of the mobility 
accompanying changes in both age and culture conditions. 

It is necessary, therefore, that in making a comparison of different 
measurements on the same strain, a careful analysis be made of the 
possible errors which may have affected the data presented. These 
general criticisms do not, however, detract from the value of the 
electrophoretic method of studying the behaviour of bacterial surfaces, 
rather do they emphasize the caution which must be exercised in its 
use and in interpreting the data obtained. 


IV. Tur ELECTROKINETIC POTENTIAL OF BACTERIAL CELLS 
The literature reveals two successful methods of applying electrokinetic 
measurements to the study of bacterial surfaces. In the first instance 
an insight into the complex behaviour of these surfaces can be made by 
a study of the factors which determine the zeta-potential. Secondly, 


a promising technique has been developed whereby it is possible to 


characterize bacterial surfaces by following the pattern of variation of 
the zeta-potential produced when the surface constituents undergo 
combination with reagents of known properties. 
The factors which determine the zeta-potential at the surface of 
bacteria can be divided into two distinct groups: 
1. Those inherent in the suspension medium ; 
2. those inherent on the surface. 
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Ll. Suspe nsion medium 


The properties of the suspension medium have a marked and often 


characteristic effect on the electrokinetic potential of the organisms. 
These effects can be attributed either to adsorption phenomena 
occurring at the interface or to physical processes affecting the double 
layer. The process of adsorption is selective, depending on the physico- 
chemical properties of the surface and the suspension medium, whilst 
changes in the double layer are non-specific and are predictable on the 
basis of the Debye-Huckle theory. 

1. 1. Electrolytes. The charge on non-ionogenic surfaces arises from 
the adsorption of ions from the solution and, as might be expected, the 
zeta-potential is greatly affected by the valence and concentration of 
the ions in the suspension medium. Using Salmonella typhi, NORTHROP 
and DE Kruir (1921) observed a lowering of the zeta-potential with 
increasing salt concentration, salts of univalent cations and heavy 
metals causing agglutination of the bacteria when the potential was 
less than 13 millivolts. Higher concentrations caused reversal and 
stabilization of the charge. SHEARER (1922) in comparing the effect of 
positive and negative ions on the charge carried by Escherichia coli 
found that 5 x 10-°M LaCl, reduced the mobility by about 30 per cent; 
whilst the same concentration of sodium citrate had no effect. 

The ion of sign opposite to that of the charge on the particle has the 
main influence on the zeta-potential, the efficacy of the ion depending 
on its valence. Many workers have, however, found that salts of a uni- 
valent cation frequently cause in low concentrations an increase in the 
numerical value of zeta, to be followed at higher concentrations by a 
decrease (Moyer, 1936b; Ropuscut, 1943; STEARNS and ROEPKE, 
194la; McQvuiLien, 1950b). This is particularly the case when the 
ion of the same sign as the particle charge is of high valence or absorba- 
bility. Such ions have a considerable effect on the zeta-potential- 
concentration curves (f-c curves). For such electrolytes the charge 
density (c) increases with increasing concentration, even when zeta 
has started to decrease. 

Attention should be paid to the close similarity between the o — ¢ 
curves (Fig. 5) and the simple Langmuir adsorption isotherm. The 
experimental points can be fitted to the theoretical equation: 


) 


pe 


| iC 


t 


or 


where o is the charge density, o,, the limiting charge density, c the 
concentration and / the initial slope. This type of behaviour is also 
observed in non-biological systems, e.g. glass-water and paraffin-water 
interfaces (ABRAMSON, 1940). 
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The shape of the curves is due to the adsorption of the anion on the 
surface and is in fact the charging process. This interpretation of the 
effect of electrolytes is not universally accepted. MircHeii (1949) 
criticizes the fit of the experimental data for the smooth form of 
Brucella abortus at different ionic strengths (STEARNS and ROEPKE, 
1941a) with the theoretical isotherm. One point, obviously, atypical, 
deviates from the theoretical curve and this according to MircHELL 
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Fig. 5. Above: Mobility-concentration curve for 
Charge-density-concentration curve for 


(From ABRAMSON, MOYER and GORIN 

“leaves little doubt that for the smooth form at any rate a different 

interpretation is required.’’ When due allowance is made for experi- 

mental errors and approximations made in calculating the charge 
density it will be apparent that the criticism is unjustified. 

The pH of the surface of a particle is different from that in the bulk 

of the solution, particularly at low salt concentrations. HARTLEY and 


{0E (1940) have derived the equation: 


(pH), = (pH), + Aé 


where (pH), and (pH), are the pH values for the surface and bulk 


8s 


respectively, 6 the electrophoretic mobility and A a constant (0-217 at 
25°C for particles of bacterial size), This equation has been confirmed 
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for non-biological systems. For micro-organisms the difference is of 
the order of 0-4 pH unit. As the salt concentration increases the pH 
of the surface tends towards that of the medium and titration of ioni- 
zable surface groups may occur. Thus in specially defined systems at 
low ionic strengths, ionizable groups located below the surface may 
contribute to the net charge of the particles as measured electro- 
phoretically. 

The action of simple electrolytes on bacteria is a reversible process 
(Barry and JAMES, 1952), for, when the cells are washed on the centri- 
fuge and re-suspended in the control medium, they immediately take 
up the control value for the mobility. 

The characteristic response of the electrophoretic mobility to change 
in electrolyte concentration of those bacteria which have been studied 
led ABRAMSON (1935) to classify their surfaces as non-ionogenic, in 
contrast to the protein or amphoteric surface where the charge is 
intimately concerned with the ionization of groups on the surface. 

A study of the effect of varied electrolytes on the zeta-potential has 
shown that the ionic spectrum (i.e. the sequence of the logarithms of 
the reversal-of-charge concentrations of the polyvalent cations) of 
Escherichia coli is similar to that of an arabate. This suggests that the 
surface of the cell is polysaccharide, possibly an arabate (DAvIEs, 
Haypon, and Rimeat, 1956; compare Kruyt, 1949). 

1. 2. Hydrogen-ion concentration. The classification of the bacterial 


surface as non-ionogenic is further supported by the fact that the 


electrophoretic mobility of many species is independent of pH over the 
range pH 4-0 to 7-0 (STEARNS and RoEpKE, 194la; EG@a@rrru, 1923; 


Dove as, 1955; Lowick and Jamgs, 1957). In form the pH-mobility 
curves are like those for inert hydrocarbon surfaces with an adsorbed 
sugar layer (DouGLas, 1950). It is possible that the outermost layers 
of such organisms contain no protein or lipid but are predominantly 
polysaccharide. Nevertheless it is not possible to generalize, for VERWEY 
and FROBISHER (1940a) report a variability of behaviour amongst 
strains of staphylococci, whilst Dyar (1948) has found a variation of 
behaviour within a single strain depending upon the previous growth 
conditions. One strain of Micrococcus aureus when grown in plain 
broth showed no change of mobility from pH 6-9 to 4-0, whereas if 
cultured in glucose broth the same strain developed a marked sensitivity 
to changes of pH. Treatment of these cells with the proteolytic 
enzyme, trypsin, caused a loss of their hydrogen-ion sensitivity, which 
was evidently due to an increase in the proportion of protein in the 
surface. The response of Mycobacterium smegmatis and phlei to change 
of pH also depends on the cultural conditions; the sensitivity is, 
however, not destroyed by trypsin. 

The mobility-pH curve for ungerminated Bacillus megatherium 
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spores (DouGLAS, 1955) is similar to those of protein and lecithin 
surfaces (PRICE and Lewis, 1933) as well as to those of hydrocarbons 
(DovGuas, 1950) and some sterols (ABRAMSON, Moyer, and Gort, 
1942). This result, in conjunction with the pattern of variation of the 
mobility of the spores with ionic strength, is taken as evidence in 
favour of lipid materials being present in the surface. In contrast, the 
mobility of ungerminated spores of Bacillus subtilis is independent of 
pH above 4-5, suggesting a predominantly polysaccharide surface. 

Many aspects of the zeta-pH curve supports the view that Escherichia 
coli has a cell exterior which is polysaccharide, with a pK value the 
same as arabic acid. The recorded value of the iso-electric point at 
approximately pH 1-0, which is higher than that for the strongly 
acidic phosphatidic group, also suggests that carboxyl groups o1 
polysaccharide molecules are involved (Davies, Haypon, and RImEAL, 
1956), 

An extensive study of the electrophoretic mobility of organisms at 
pH values less than 4-0 has been made (STEARNS and RorpkKE, 194la; 
THOMPSON, 1932; VeRWeY and FROBISHER, 1940a; Bazin and CovADE, 
1946) in an attempt to determine the iso-electric point and hence 
characterize the bacterial surface. The results are not always reliable 
since in solutions of low pH many irreversible processes may occur at 
the surface. These are partly due to the acid extraction of a soluble 
protein from the cell which is then adsorbed back on the surface 
(EGGERTH, 1923; Moyer, 1936b). In contrast to the observations of 
Moyer (1936b) who found that cells of Escherichia coli after treatment 
with hydrochloric acid at pH 2-5 gave anomalous mobility values 
when tested at pH 6-9, cells of Aerobacter aerogenes subjected to the same 
treatment show normal mobility values at pH 6-9 (Lowick and JAMEs, 
1956). 

An investigation reported by DEKKER and associates (1942), although 
not entirely free from this latter criticism, is of interest in demonstrating 
the wide application of the electrokinetic technique. The organism 
Salmonella typhi suspended in HCI/NaCl solutions of constant ionic 
strength gave four characteristic mobility-pyH curves, each of which 
corresponded to a different serological type. This suggests that the res- 
ponse to change of pH may be conditioned by the structure of the 
surface antigens (see Section IV, 2, 4). 

1. 3. Proteins. The presence of proteins in the suspension medium 
considerably modifies the electrophoretic properties of both inert and 
bacterial surfaces (FRAMPTON and HILDEBRAND, 1944; Logs, 1923: 
NorrTurop and pE Krvir, 1921, 1922). The addition of egg albumen 


to a suspension of rabbit septicaemia bacilli altered the character of 


the mobility-pH curve to correspond to that of egg albumen itself. 
ough and smooth forms of Escherichia coli coated with gelatin both 
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possess the same surface properties as gelatin coated collodin particles 
(Moyer, 1936b). These effects are more or less reversible in contrast 
to those produced by the presence of type specific immune proteins 
which influence particularly the stability of suspensions in electrolyte 
solutions. Both normal and immune sera lower the zeta-potential of 
pneumococcus and paratyphosum organisms, those suspended in 
normal serum remaining stable in contrast to those in immune serum 
which readily agglutinate at zeta-potentials below 40 mV (SHIBLEY, 
1924, 1926, 1929). Further, the characteristic lowering of the mobility 
in the presence of ‘Type I serum occurs only with pneumococcus Type | 
organisms, organisms of Types II and III behaving as in normal serum. 
Further observations of the presence of adsorbed proteins on the 
surface of bacteria will be considered later under ‘‘toxicity’’ (Section 


1. 4. Antibacterial agents. The variation of the electrokinetic 
potential of bacteria caused by the addition of various substances to 
the suspension has proved a powerful tool in obtaining information of 
adsorption phenomena occurring on the surface. Two main purposes 
have been served by such studies: firstly, comparison of the predicted 
and observed behaviour in the presence of substances considered 
specific for certain groups has given further insight into the nature of 
the bacterial surface (Dyar and OrpbaAL, 1946; Dyar, 1948); and 
secondly, the electrokinetic behaviour in the presence of drugs and 
antibiotics has further increased our knowledge of the initial action 
of these substances. 

The electrokinetic behaviour of bacteria subsequent to treatment 
with suitable reagents under carefully controlled conditions should be 
dependent primarily upon the nature of the surface cellular constituents. 
If this is true then the technique presents a method of identifying 
substances in the bacterial surface by comparison with surfaces of 
known composition. Much information has been obtained from a 
study of the variation of the mobility of organisms in the presence of 
anionic and cationic wetting agents (Dyar and OrpAL, 1946; Dyar, 
1948; McQvuiILLen, 1950a; Douguas, 1955; Lowick and JAMEs, 
1957). Protein and lipid surfaces will be distinctively altered by treat- 
ment with surface active agents on account of their different affinities 
for the hydrocarbon or polar groups of the detergent. A negatively 
charged protein might be expected to have some of its charges 
neutralized by the polar groups of a cationic surface active agent, 
whilst it would probably be unaffected by an anionic agent. A pre- 
dominantly lipid surface, in which the hydrocarbon end of the wetting 
agent is soluble should experience a marked increase of charge in the 


presence of an anionic surface active agent. A cationic agent will 


again cause a lowering of the charge for a lipid surface, but at a different 
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concentration to the protein. Behaviour of this type has been demon- 
strated with mineral oil droplets treated with anionic and cationic 
surface active agents (PowNEY and Woop, 1940a). 

Marked changes of mobility of bacteria from widely different 
taxonomic groups in the presence of surface active agents have been 
reported. These changes have been interpreted in terms of the chemical 
constitution of the surface. In general, treatment with sodium 
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tetradecyl sulphate (anionic) produces no change, a slight or a marked 
increase in the mobility (Fig. 6). The pattern of variation with cetyl 


pyridinium chloride (cationic) is the same with all the species studied: 


decrease of charge, reversal of charge and finally stabilization of charge. 
The extent of these changes and the concentration at which they occur 
vary from species to species. Of particular interest is a “‘fattened”’ 
strain of Micrococcus aureus grown in 3 per cent glycerol broth which is 
more sensitive than the normal strain towards CPC and takes on a 
greater negative charge in the presence of STS. This, taken in conjunc- 
tion with the increase in ether/acetone soluble fatty cell material, is 
most probably due to an increase in the amount of lipid material in the 
cell. 

McQUILLEN (1950a) using cetyltrimethylammonium — bromide 
obtained similar results for the Gram-negative Escherichia coli. The 
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two Gram-positive organisms Streptococcus faecalis and Micrococcus 
aureus, responded in a different manner. The mobility-concentration 
curve passed through a maximum at a concentration of CTAB corres- 
ponding to that required for complete saturation of the cells with the 
detergent. Further, at low concentrations of the detergent there was 


a non-uniform response of individual organisms which is probably due 
to different amounts of the detergent on different organisms. 

The behaviour of resting spores of Bacillus megatherium towards 
sodium dodecyl sulphate and cetylpyridinium bromide suggests the 
presence of a small amount of lipid in their surface. This is not the case 


with spores of Bacillus subtilis (DouG tas, 1955). 

The effect of various antibiotics and antibacterials on bacterial 
suspensions has been widely studied. Marked changes in the zeta- 
potential of susceptible organisms have been reported during the first 
few minutes contact with penicillin (DORFMAN ef al., 1945). The correla- 
tion between the concentration and the increase of the zeta-potential 
was believed to be due to the dissociation of some ionogenic groups. 
In contrast McQuILLEN (195la) found that the mobilities of washed 
suspensions of Micrococcus aureus were unchanged after treatment with 
up to 100 units/ml of the antibiotic. Streptomycin was similar in 
behaviour on washed cell suspensions but, in the original growth 
medium (diluted ten times), this antibiotic caused a marked lowering 
of the mobilities of both Escherichia coli and Micrococcus aureus 
(McQUILLEN, 1951b). It was concluded that washing reversed any 
effects which the drug may have had. 

The electrokinetic mobility of Escherichia coli in dilute aqueous 
solutions of sulphanilamide and related antibiotics is quite different 
from that of inactive substances like aniline and benzenesulphonamide 
but closely resembles that of p-aminobenzoic acid (BRADBURY and 
JORDAN, 1942). A marked pattern of variation of mobility with time 
was observed. This may represent a non-uniform response of the 
individual organisms to the drug. Sulphanilamide is without effect on 
the zeta-potential of Aerobacter aerogenes (at concentrations up to 
1 gm/l.) suspended in either conductivity water or phosphate buffer 
solution. 

In marked contrast to these small differences is the effect of large 
organic dye molecules (e.g. the acridines and triphenyl methanes) on 
the mobility of micro-organisms. Washed suspensions of Aerobacter 
aerogenes in the presence of such drugs experience a lowering of the 
mobility with increasing concentration until the organisms finally 
flocculate (JAMES and Barry, 1954; Lowick and JAmgs, 1955), The 
decrease in zeta-potential is accompanied by an increase in the distri- 
bution indicating that the organisms are not all affected to the same 
extent. Any combination of the dye with surface components is weak, 
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since, on washing, the cells attain the normal mobility of untreated 
organisms. 

1. 5. Heat, storage, and disinfectants. The effect of heat, storage and 
disinfectants on the mobility of bacterial suspensions varies from 
species to species. The mobilities of four strains of staphylococci were 
unchanged by heating to 60°C for 1 hour, while the mobility of another 
was decreased by 14 per cent and that of another increased 28 per cent 
under the same treatment (VERWEY and FROBISHER, 1940a). Other 
workers have shown that the effect depends on the time of heating and 
the nature of the suspending medium. Below 60° C the zeta-potential 
of both Escherichia coli and Aerobacter aerogenes remains unchanged, 
but decreases above that temperature (BARRY and JAmgs, 1952), 

Storage of the organisms both at 4°C and at room temperature is 
generally without effect on the mobility (Dozor1s and HacutTet, 1935; 
STEARNS and RoepkKeE, 194la; VeERWeEY and FROBISHER, 1940a: 
Barry and JAMEs, 1952), as is also death incurred by treatment with 
formaldehyde, phenol and mercuric chloride (BuGas and GREEN, 
1935b; STEARNS and RoOEPKE, 1941a). 

It was considered that X-rays might affect the distribution of ions at 
the bacterial surface with a probable change in the zeta-potential 
(SmitH, Lisse, and Davey, 1936). Irradiation of Escherichia coli on 
agar plates with X-rays, however, produced little change in their electro- 
phoretic mobility. The final viability of the culture after this treatment 
was between 80 and 90 per cent of the control. 


2. The bacterial surface 

2. 1. The effect of cultural age. The electrophoretic mobility of cells 
of Diplococcus pneumoniae Type | and Salmonella paratyphii suspended 
in distilled water varied with the cultural age (SHIBLEY, 1924), increasing 
during the first hours of growth to a maximum value, thereafter 
remaining constant. Rough and smooth forms of Escherichia coli 
show a parallel behaviour during the culture cycle: at the beginning of 
the growth phase the mobility (in either phosphate or acetate buffer) 
decreased and remained constant at a lower value for some hours 
before assuming its normal value (Moyer, 1936b). No further change 
occurred even after ten days (BuaGs and GREEN, 1935a,b; PEDLOW 
and Lissk, 1936; TrrrsLer and Lissz, 1928), Moyer confirmed his 
results by studying the mobilities of young and old cells simultaneously 
in mixed suspension in buffer solution, making use of the fact that young 
cells were much longer than old ones. The same behaviour of mixed 
cell suspension in | per cent peptone water was observed, young cells 


suspended in old culture filtrate had a lower mobility than the old 


ones in the same medium. The effect is therefore not due to the action 
of the buffer nor to the adsorption of metabolites from the medium. 
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Further experiments were made in which possible explanations due to 
the adsorption of gases or the presence of flagella were eliminated and 
Moyer concluded that the change in mobility reflected an actual 
change in the nature of the surface during growth. Using a smooth 


form of Salmonella gallinorum he was unable to detect any definite 
mobility at any age. STEARNS and RoEPKE (1941a) in a series of studies 
on Brucella, found that the dependence of the electrophoretic mobility 
on the culture age varies from strain to strain. The mobility of 
Salmonella typhii is a function of the age; the pattern of variation 
depending on the growth medium (WaTRoUs, 1937). 

In contrast to these variations with age, the electrophoretic mobility 
of Aerobacter aerogenes is constant and independent of both the culture 
age and culture medium. While Moyer was able to show that the cycle 
of variation which the zeta-potential of Escherichia coli undergoes 
during growth was due to actual changes in the nature of the surface, 
it is not necessarily correct to infer the opposite conclusion when no 
variation in the zeta-potential can be detected. The differences between 
the behaviour of the two strains may be due to structural difference 
of the surface layers exposed to the shearing plane and hence respon- 
sible for the electrokinetic properties. A comparison of the results 
for the rough and smooth variants of Escherichia coli, despite a con- 
siderable difference in the values of the mobilities, shows that the form 
of variation during growth is essentially the same for both. Thus, 
although there is a pronounced difference of surface constitution a 
common process underlies the behaviour in each case. MrrcHELn 
(1949) has suggested that the underlying rough surface is covered by 
an envelope, freely permeable to electrolyte ions but resistant to the 
shearing motion of the liquid. The sensitivity of the electrophoretic 
technique in detecting changes in the deeper layers of the surface will 
therefore depend on the relative thickness of the permeable envelope 
and the electrical double layer. This conclusion requires that the 
electrolyte concentration of the suspension be suitably adjusted to the 
particular structural characteristics of the organism being studied. 
In the extreme case where the thickness of this envelope is great 
compared with that of the double layer, this latter will lie wholly within 
the envelope and not only will the zeta-potential be approximately 
zero but changes taking place in the deeper layers of the surface will 
not be evident from electrokinetic measurements. A decrease in the 
electrolyte concentration results in more of the double layer lying 
outside the external envelope with a consequent increase in the zeta- 
potential. At very low concentrations the larger part of the double 
layer is outside the shearing plane and then the zeta-concentration 
curves of the rough and smooth forms coincide. There is no evidence 
of this type of behaviour with the two strains investigated, Salmonella 
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gallinorum and Aerobacter aerogenes, at different ages in the growth 
cycle. It is thus apparent that the surfaces of these organisms deter- 
mining the electrical properties, remain constant throughout the growth 
cycle, in contrast to the changes reported for Escherichia coll. 

2. 2. Variations of culture medium. The preparation of standard 
suspensions is an essential feature of the electrophoretic technique. 
Traces of culture media may be adsorbed on to the surfaces and washing 
on the centrifuge is necessary for reproducible results. The ease with 
which foreign material can be removed will differ widely according to 
its nature and that of the surface; thus each investigation requires its 
own washing technique to be properly established. PEpDLow and LissE 
(1936) studying the effects of salts in the growth medium on the 
mobility of Escherichia coli, found that washing with water had a 
pronounced effect on the mobility. The decrease in mobility on succes- 
sive washing is more probably due to successive dilution of the elec 
trolyte rather than to a fundamental effect of the salt on the bacterial 
surface. After the organisms had been washed three times with water 
the mobility of Escherichia coli was constant and independent of the 
culture media, which contained varying amounts of different inorganic 
and organic constituents (PEARCE, Lissk, and TrrrsLer, 1935; Trrrs- 
LER and Berry, 1938a,b). Similar results have been recorded for 
Aerobacter aerogenes in a wide range of synthetic and natural media 
(BarRyY and JAMEs, 1953). The maintainance of fixed mobility value 
for a given species, under constant conditions of test, indicates that 
any changes brought about by cultural conditions are independent of 
the cell wall. 

2. 3. Effect of treatment with enzymes. When a bacterial suspension 
is treated with an enzyme specific substances will be removed from the 
surface, and in some cases from deeper parts of the cell wall. If the 
electrokinetic properties of the bacterium are determined by these 
substances, then their removal will result in very marked changes of 
the electrical properties of the surface. If they constitute deeper layers 
of the cell wall, however, then only a small amount (if any) will be 
removed resulting in smaller changes in the electrokinetic properties. 

In this way it has been established (Lowick and JAMES, 1957, see 
also page 131) that cells of Aerobacter aerogenes trained to crystal 


violet have a lipid surface in contrast to the polysaccharide surface of 


the untrained organism. Treatment of the trained cells with lipase 


resulted in an increase of the mobility from 0-4 to 2-3 yu/sec/V/em 
—a value characteristic of the normal cells. These cells were no 
longer sensitive to surface active agents. Lipase had no effect on the 
mobility of normal cells, indicating that lipid material was not removed 
and hence probably constitutes the deeper parts of the cell wall. 

Of fourteen species of organisms treated with ribonuclease thirteen 
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showed a small but significant decrease in the electrophoretic 
mobility (Harris, 1953). The change in mobility was detectable only 
in acid solution (pH 3-4), at pH 6-3 no change was ever recorded. This 
decrease in mobility was paralleled by a decreased absorption of 
crystal violet after the bacteria had been treated with the enzyme. 
Thus it can be concluded that the nucleoprotein, which is of importance 
in bacterial staining, is not located on the surface and hence in contact 
with the suspension medium, but beneath the cell wall as part of the 
cytoplasmic membrane. 

The surface lipid can be removed from Micrococcus aureus by lipase 
without killing the cells, small amounts of fatty acids being recoverable 
from the supernatant liquid. Bacteria thus treated are no longer 
sensitive to surface active agents. The lipid could not be identified as 
the action of pancreatic lipase is not sufficiently specific (DyArR, 1948). 
Following trypsin treatment, the bacteria still had surface lipid, but 
their charge was now independent of pH (3-0 to 8-0). The implication 
of this is that ionizable polar groups, such as occur in fatty acids and 
lipids are either not free or not oriented outwards. In contrast, pan- 
creatic lipase did not remove the lipid material from the surface of 
Mycobacterium smegmatis, indicating the dissimilarity of the lipids of 
the two organisms. Trypsin failed to remove the polar groups at the 
surface of this organism, suggesting that this amphoteric material is 
not among the substrates attacked by this enzyme. 

2. 4. Bacterial dissociation. The term “bacterial dissociation”’ in its 
generally accepted sense, denotes the appearance in a bacterial culture 
of forms differing in one or more characters from the “normal” form 


of the parent strain. In most cases the S-R variation is associated with 


loss of virulence, change in antigenic structure, and change in the 
morphology of the culture. The R-forms show colonial roughness, 
granular growth in fluid media and instability in saline. This tendency 
of rough bacilli to agglutinate spontaneously in normal saline appears 
to be due to the presence on the bacterial surface of a lipoidal substance, 
since extraction with hot alcohol reduces the salt sensitivity (WHITE, 
1927) of many rough strains. 

In the majority of cases (e.g. strains of Brucella, Mycobacterium, and 
Salmonella) the rough forms have a higher mobility than the smooth 
(Table 1) (CHoucroun and Puorz, 1934; Jorrre, HircnHcock, and 
Mupp, 1933; Jorre and Mupp 1935; Moyer, 1936a; RANE, 1929; 
REED and GARDINER, 1934; Sorvu, 1934). 

Smooth strains of Brucella abortus (STEARNS and ROEPKE, 1941a,b) 
have constant mobilities (in buffers of constant ionic strength) over the 
pH range 3-75 to 6-75, indicating an inert surface. The rough forms 
have mobilities constant over the pH range 4-4 to 8-3, but show a 
rapid decrease below pH 4-4, with an isoelectric point at pH 2:3. The 
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dissociation of Brucella abortus in broth is a gradual process as studied 
electrophoretically. On repeated sub-culture in broth dissociated 
(mucoid) forms, with a higher mobility than the smooth ones, appear 
without the complete disappearance of organisms having the values of 
the smooth form. Long periods in broth results in a gradual disappear- 
ance of the smooth form. 

Linton and his associates (1938) have shown that the electro- 
phoretic data give a quantitative measure of the degree of roughness of 
some vibrio strains, it being more advantageous to compare strains by 
this method than by the agglutination method. 

The smooth forms of three non-flagellated intestinal bacteria all had 
zeta-potentials which approximated to zero over a wide range of pH 
and salt concentration, but which nevertheless gave rise to stable 
suspensions (JOFFE and Mupp, 1935). The corresponding rough 
variants grew as a sediment and their suspensions were very sensitive 
to salt concentration, but paradoxically they had high surface charges. 
The differences in behaviour was attributed to the different chemical 
composition of the two bacterial surfaces. 

The zeta-potential concentration curves for the R and S variants of 
Escherichia coli are similar, rising rapidly from low values in distilled 
water in a manner characteristic of an inert surface (Moyer, 1936b),. 

Work in this field that has contributed to an understanding of the 
process of dissociation is due to DEKKER and associates in their study 
of the variants of Salmonella typhii (1942). They suggested that the 
S-R variation is a function of the V, and IX antigens according to the 
following scheme: 


Smooth 


wa and ie, 


- 


a 
[X half smooth V. half smooth 
is. ) ( 


4 


Rough P 


and further they demonstrated that each of the four forms exhibit 
distinctive pH-mobility curves. The curve for the R-form shows an 
iso-electric point between pH 2-0 and 2-5, indicating the amphoteric 
nature of the ‘“‘O” antigen. A comparison of the same curves for the S 
and the V, half smooth with that for the IX half smooth shows the 
tendency of the V, antigen to induce a negative charge on the bacterial 
surface. As this is perceptible below pH 2-0, the ionogenic group of 
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the V, antigen is most probably strongly acidic (SO,-— or PO,---). 
The interpretation of the results would have been more reliable if the 
authors had stated whether the observed electrokinetic behaviour at 
low pH values was reversible and independent of the time of contact 
with the acid solution. 

2. 5. Virulence and toxicity. Much early work was undertaken in an 
attempt to correlate the zeta-potential of a particular organism with 
its biological properties. The zeta-potential is a measure of the asym- 
metric distribution of ions in the vicinity of a phase boundary and is 
determined on the one hand by the physical properties of the suspension 
medium and on the other by certain properties of the solid surface—as 
yet very little understood. To suppose that the zeta-potential of an 
organism in a given medium is related to such biological properties as 
virulence, organ specificity and production of toxin is to assume that 
the factors that determine these are also those that wholly determine 
the distribution of ions at the interface. 

JENSEN and Fak (1928) suggested that the semipermeability of the 
bacterial surface should cause the establishment of a Donnan membrane 
equilibrium and hence a P.D. between the contents of the bacterial 
cell and its environment medium. This P.D. should be least when the 
membrane is most permeable, i.e. for toxigenic strains. It was further 
assumed that all strains could produce toxin, but only those whose 
surface is permeable to the toxin would excrete it into the medium. 
Thus, it was argued that the virulence or toxin production and the 


electrophoretic mobility are closely associated. The fallacy of this 
argument lies in the fact that the P.D. arising from a membrane equili- 
brium is the thermodynamic potential across the membrane, whilst 


the zeta-potential is tangential to the surface. 

Observations recorded by FAK and his associates (JENSEN and Fak, 
1928; FaLk, JENSEN, and MILLs, 1928) for Corynebacterium diphtheriae 
gave conclusive support to their theory, all toxigenic strains had 
mobilities, in distilled water, of less than 5 4/sec V/em, whilst 
non-toxigenic strains had mobilities exceeding this value. For 87 
strains of Corynebacterium diphtheriae tested (STONE and WEIGEL, 
1929), it was found that the highest migration rates belonged to the 
virulent strains and the lowest to the avirulent, whilst between the 
two, types were intermingled. Later workers have, however, been 
unable to record any correlation between virulence and _ electro- 
phoretic mobility (BRowN and Broom, 1932; Buaes and GREEN, 
1935a; Jonus, 1931, and THompson, 193la). It would thus appear 
that the earlier correlation of mobility with toxigenicity is due not to 
the different structures of the two types of surface but to the toxins 
adsorbed on the cell surface. This conclusion is supported by the 
observation that the addition of toxin to the washed cells reduced their 
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mobility (JENSEN and Fak, 1928). Further, the mobility of the 
organisms changed with age, approaching a constant value, presumably 
that of the toxin itself. These workers were in fact studying protein- 
covered surfaces. 

On the other hand Diplococcus pneumoniae presents an example in 
which a correlation between virulence and electrophoretic mobility 
might be expected. By suitable methods of extraction HEIDELBERGER 
(1927) separated the capsular components that determine the immuno- 
logical specificity. These components were found to be complex 
polysaccharides : 

Type I. Sugar derivatives, 5 per cent nitrogen, possibly galacturonic 
acid and amino-sugar derivatives. 

Type II. Glucose, no nitrogen compounds. 

Type III. More strongly acid, possibly a polymeride of glucose 
glucuronic acid, no nitrogen compounds. 

In the light of these differing surface components, it would be 
surprising if the electrokinetic properties of Types I, II, and III 
pheumococcus were not different. This expectation has been confirmed 
by Fak, Gussry, and JACOBSON (1925) and THOMPSON (1932). 

In other work the variation and overlap of mobilities of the Brucella 
group (SMITH and JOFFE, 1934) and Lactobacillus acidophilis and 
Lactobacillus bulgaricus (WEAVER, 1932) was so great that no correla- 
tion with virulence was possible. Electrokinetic studies on Hrwina 
amylvora and Bacterium stewartii showed that neither pathogenicity 
nor absence of the same is associated with a particular mobility value 
(FRAMPTON and HILDEBRAND, 1944). 

The electrophoretic mobilities of Staphylococci strains formed a 
continuous series and with but a few exceptions the cultural and 
biological characteristics of strains with mobilities of 4:1 w/see 
V/cm or lower were different from those with higher values. The 
low mobility group contained those strains which produced coagulase 
and toxin and which were isolated from pathological conditions. Those 
in the high mobility group produced neither coagulase nor toxin and 
were not isolated from pathological conditions. Correlation of mobility 


grouping with coagulase production was 93 per cent, with toxin 


production, 92 per cent and with source of isolation, 92 per cent. 

A correlation was recorded between nitrogen-fixing ability and 
mobility of Rhizobium meliloti: strains with high nitrogen fixing 
abilities have mobilities about 33 per cent higher than those with 
poor nitrogen-fixing ability (TrrrsLer, Lisse, and Frerauson, 1932). 

2. 6. Modification of the bacterial surface on adaptation to bacteriostatic 
agents. As the initial and often the final site of drug action is located 
at the interface between bacteria and their environment, it is not 
surprising that the growth of organisms in the presence of certain 
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drugs produces marked changes in their surface properties as measured 
electrophoretically. It has been established that such growth and 
adaptation to drugs results in the alteration of the amounts of the 
different surface components. 

Growth of Aerobacter aerogenes in synthetic medium in the presence 
of a very low concentration (5-6 mg/l.) of crystal violet results in a 
marked alteration of the electrokinetic properties (Low1cK and JAMES, 
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Fig. 7. Effect of age of inoculum of untrained cells on the mobility 


distribution after growth in the presence of crystal violet. 


1955). Three main types of behaviour were observed depending on the 
age of the parent culture used as inoculum (Fig. 7). The conditions 
under which these strains are produced, together with their general 
properties are summarized in Table 2. 

From the table it is apparent that once a population of cells with 
Type C electrokinetic behaviour is produced then it is stable during 
subsequent growth in the presence and absence of the dye. These 
altered populations are produced only as a result of actual cell division 
in the presence of the drug. This is illustrated in Fig. 8, which shows 
the mobility distribution of the population at various stages during 
the growth of the organism in the presence of crystal violet. In the lag 
phase, the histogram is identical with that for normal cells, whilst 
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Type A Type B Type ( 


Age of parent producing Less than 8 hr 8 to 36 hr Over 36 hr 
given change 


Mobility distribution and Homogeneous Heterogeneous Homogeneous 


range (si/sec/ V/cm) 2-3 to 2-4 0-: 0-2 to 0-6 


Repeated growth at No change in No rei mot No change in 
conens. of drug mob. distn mob. distn. 


Repeated growth at higher No change in At conens. over 40 mg 


conens. of drug mob. distn. mob. distn. tends 
Type ¢ 


tepeated growth in drug- No change in 


free medium mob. distn. 


Size of organisms Normal Orgs. with mob. 
than 1-8 small, other 


} 
normal 


during the growth phase it is bimodal. The cells with the high mobility 
values represent the dead cells in the original inoculum, while those 
with the low values have undergone division. As there are no bacteria 
with intermediate mobility values it is apparent that the alteration, 
under these conditions, is immediate, as distinct from a gradual transi- 
tion from high to low values. At the end of the growth phase and in the 
stationary phase, when the number of dead cells (arising from the 
inoculum) is small, compared with the total population, the histogram 
is typical of Type C. 

The altered electrokinetic properties of the trained cells (Type C) 
are due to a modification of the cell surface and not to the presence of 
crystal violet on the surface (Lowick and JAmeEs, 1957). This con- 
clusion is supported by the following experimental evidence: 

1. Repeated washing of the trained cells with buffer solution failed 
to remove the dye and caused no change in the mobility distribution. 

2. Prolonged sub-culture (more than 100 generations) of the trained 
cells in the absence of the dye was also without effect on the distribution 
of mobilities. The very large increase in surface area which has 
occurred in the absence of the dye precludes the possibility of any 
significant amount of the dye remaining adsorbed on the surface. 

3. Treatment of the trained cells with organic solvents caused a 
slight change in the mobility distribution, but it was never charac- 
teristic of that of normal cells, although the dye had been extracted. 
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4. The mobility-pH curve of the trained cells (with an effective 
iso-electric point at pH 3-5) was similar to those previously reported 


for protein and sterol surfaces, In contrast the curve for the normal 
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Fig. 8. Histograms showing distribution of mobilities at different phases 

during growth of normal cells in the presence of crystal violet. (Histograms, 

Ordinate: Frequency (percentage), 1 div. represents 10 per cent, Abscissa: 
Electrophoretic mobility, 1 div. represents 1-0 /sec/V/em). 


cells (in which the mobility was independent of pH above pH 5-0v) 
was similar to that of inert and polysaccharide surfaces (Fig. 9). 

5. The trained cells were very sensitive to anionic detergents, there 
being an increase of 800 per cent in their mobility in the presence of 
10-3M sodium dodecy! sulphate. Normal cells showed no change in 
the mobility at this concentration (Fig. 10). 

6. Treatment of the trained cells with lipase at pH 7-00 caused an 
increase in their mobility to that of normal cells. The enzyme treated 
cells were insensitive to surface active agents. This is due to the removal 


132 





ELECTROKINETIC POTENTIAL OF BACTERIAL CELLS 


of lipid material from the surface and the consequent inability to form a 
lipid-detergent complex. This enzymatic treatment has no effect at 
all on the mobility of normal cells. 

From this it is apparent that erowth of Aerobacter aerogenes in the 
presence of crystal violet results in an increase of lipid material exposed 
on the surface. In contrast it is apparent that the surface of untrained 
organisms is predominantly polysaccharide in nature. 
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Fig. 9. Mobility-pH curves for normal and crys 
of Aerobacter aer 


From LOWICK 


Similar results were obtained during the growth of Aerobacter 
aerogenes in the presence of proflavine. With this agent, however, 
only one type of altered electrokinetic behaviour was observed (similar 
to Type # for crystal violet) (JAMES and Barry, 1954). A hetero 
geneous population of electrokinetic variants was produced when a 
strain trained to 40 mg/l. was transferred to medium containing 
78 mg/l. of proflavine. Repeated growth at higher concentrations 
gradually produced a more homogeneous population with low mobility 
values. Again, once the altered population had arisen then it was 
stable on subsequent sub-culture during growth in the absence of the 
drug. 

The number of observations made on these trained cells does not 
permit of a statistical analysis of the results to be undertaken. It will 
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be immediately apparent that there is no correlation between a given 
mobility value or distribution and the degree of training. The growth 


of these bacteria in the presence of bacteriostatic agents produces a 
new population of cells, which as far as their biological constitution is 
concerned are homogeneous assemblies. They can, however, be dis- 











Fig. 10. Mobility-surface active agent concentration curves for normal 
and crystal violet trained cells of Aerobacter aerogenes. 


(From LOWICK and JAMES, 1957.) 


tinguished from one another and from the original parent culture by 
a distinctive electrokinetic behaviour. Any change in the electrokinetic 
properties occurs only as a result of cell division in the presence of the 
drug. 

In contrast to this effect of crystal violet and proflavine, growth and 
training of this organism to sulphanilamide is without effect on the 
electrophoretic mobility. 


V. Some Recent APPLICATIONS OF THE MICRO- 
ELECTROPHORETIC METHOD 
1. Frequency of variants in mixed populations 
The frequency of each variant in a mixed population can be rapidly 
determined provided the variants possess different surface charge 
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characteristics (HARTMAN, EIGEeLsBAcH, ef al., 1953). Statistical 
analysis of the results of the assay of mixed populations of Pasteurella 
tularensis showed that the estimation of the frequency of the variants 
by this method was not significantly different from the method of 
inspection and counting the colonial types developed on solid medium. 
The results of such an electrophoretic study refer to the total rather 
than to the viable cell population. The authors suggest that this 
technique might be applicable to such problems as characterization of 
cell populations and rapid identification of population changes in 
growing cultures (compare growth of Aerobacter aerogenes in crystal 
violet media), routine assays on material grown for vaccine production 
and the identification of variants present in primary isolates. 


2. Evidence for presence of filaments 

Electrophoretic studies on a variant of Escherichia coli B. have 
provided independent evidence for the existence of distinct surface 
structures or filaments, previously observed in electron micrographs 
(BRINTON, BuzzELL, and LAuFFER, 1954). This variant exists in two 
distinct forms, fast and slow, which differ by a factor of two in their 
electrophoretic mobility. No organisms of intermediate mobility 
values were ever observed. The lower mobility of the slow form is due 
to the presence of filaments which exert a viscous drag. When the 
filaments are stripped off by mechanical agitation the residual organisms 
have the same mobility as the non-filamented fast bacteria; indicating 
the same charge density for both forms. The defilamented organisms 
are viable and upon incubation and division produce filaments and again 
become electrophoretically slow. 


3. Tumour and perfused tissue cells 

The micro-electrophoretic method, using the cell in the lateral 
position, is applicable to the study of tumour and perfused tissue cells 
(AMBROSE, JAMES, and Lowick, 1956). The average charge density of 
hamster tumour kidney cells is almost twice that of the normal kidney 
cells. At this preliminary stage the exact significance of this observa- 
tion is not apparent. The charge carried by the tumour cell is indepen- 
dent of the size of the cell, the age of the tumour and the time of 
isolation from the animal. The change of mobility with pH for rat 
liver cells, liver tumour cells and red blood cells shows that their sur- 
faces are very similar in nature with apparent iso-electric points in the 
range pH 3-0 to 3-5. 


4, Yeast cells 


A further application of the technique is to the study of the surface 


properties of yeast cells. In solutions of pH greater than 2-3 the cells 
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carry a negative charge. The ionic spectrum (charge reversal) of the 


yeasts investigated is specific for a carboxyl colloid. There is no 
detectable difference between the surfaces of powdery and flocculating 
yeasts (JANSEN and Menpiik, 1951). The nature of the growth 
medium and the method of washing has a marked influence on the 
charge carried by the cells. In the presence of finings, yeast cells 
migrate towards the cathode indicating coating by the positively 
charged finings. Washing with fresh buffer solution failed to remove 
the coating indicating an irreversible combination of the finings with 
the surface (WILEs, 1951). 


VI. SumMaRY AND Discussion 

There is no evidence for the polarity of individual organisms with the 
exception of cells of Spirochaeta (Dyar and ORDAL, 1946). On reversal 
of the electric field the organisms reverse their direction of motion 
without making an obvious turning movement. A body with fixed 
polarity would have to make some such motion to maintain the neces- 
sary orientation, so that its oppositely charged ends were facing the 
respective attracting electrodes. 

Under controlled conditions of growth and measurement the 
mobility of a given strain of bacteria has a reproducible value. The 
value is not constant for all the organisms constituting a population 
but shows a GAUSSIAN distribution about a mean. Within a species the 
value of the electrophoretic mobility may vary widely, but the variation 
is continuous rather than discontinuous, e.g. for 84 strains of Staphy- 
lococcus the mobility values were in the range 2-2 to 6-6 ,/sec/ 
V/em (VeRWEY and FRosBIsHEer, 1940ab). This same continuous 
nature of variation has been reported for different dissociants and 
mutants obtainable from a single strain. The mobility value of the 
R-form is always greater than that of the S-form under the same 
conditions. 

The surface charge of some organisms varies with age, thus with 
Escherichia coli the charge is lower during the period of ‘‘physiological 
youth” than at any other age. 

The electric charge of micro-organisms varies with both the ionic 
strength and pH of the suspension medium. At the iso-electric point 
the mobility will drop to zero, the pH at which this occurs is often 
referred to as the “‘iso-potential’’ point. At lower pH values the 
charge will be positive. Bacteria carry a negative charge in neutral 
solution because their surface components include amphoteric materials 
with iso-electric points on the acid side of neutrality. 

The attempts at correlating electrokinetic potentials with biological 
properties have proved disappointing. Early workers devoted their 
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attention to defining a relationship between the mobility and the 
virulence of a pathogenic species. It has been well established that the 
surface charge carried by an organism varies with both the kind and 
quantities of the surface components. A virulent encapsulated 
S-strain of pneumococcus would be expected to have a different surface 
charge to that of an unencapsulated avirulent R pnewmococcus. Any 
correlation that exists is between virulence and the presence of some 
particular component at the cell surface and not between virulence 
and mobility. There is no evidence whatsoever that the presence of 
capsular polysaccharide material on pneuwmococcus increases the 
virulence because of the change it induces in the zeta-potential. Both 
the virulence and the change of mobility result from the same cause. 

The example cited emphasizes the difficulty which arises when an 
attempt is made to assess the role of surface charge in biological 
phenomena. An isolated observation of a systematic change of both 
the electrophoretic mobility and a biological property is no reason 
to accept a cause and effect relationship, unless of course other support- 
ing evidence can be provided. Such an observation is, however, not 
without significance for it can provide a clue as to the chemical nature 
of a surface component which is related to both the mobility and the 
biological property. 

An idea of the nature of amphoteric and polar material at the 
bacterial surface may be obtained from electrophoretic studies. For 
this purpose it is essential that a full understanding of different model 
surfaces be available, i.e. the variation of the mobility when treated 
with specific reagents or when measured in solutions of different 
ionic strength and pH. This information compared with that for the 
bacterial species tested under the same conditions enables particular 
aspects of chemical structure and physical organization to be deduced. 
The changes in mobility of Wicrococcus aureus induced by the enzyme 
trypsin indicated the presence of digestible protein at the surface 
(Dyar, 1948). 

Explanations of the nature of bacteriostasis and killing may be 
suggested by electrophoretic studies. The fact that bacteria may be 


killed by heat treatment without a resultant change in the mobility, 


} 
shows that any exposed proteins have been unaffected by heat. While 


this does not explain how heat treatment kills the organisms, it does 
exclude certain possibilities. 

The variation of the mobility of Escherichia coli when exposed to 
sulphonamides suggests possible combination of the drug with aromatic 
groups on the surface. The similarity of the effects of sulphonamides 
and p-amino-benzoic acid on the electrophoretic mobility, lends 
support to the hypothesis that these drugs compete with the essential 
metabolite, p-amino-benzoic acid, for available receptor sites. 
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Although non-polar groups, by their very nature, do not contribute 
any ionizing structures to the surface charge of bacteria, nevertheless 
the relative area occupied by such groups can be determined by 
electrophoretic studies. Owing to the small area of the bacterial 
surface, the possible number of charges has an upper limit. This is 
related to saturation of the surface with ionizing polar groups. If these 
polar groups can be blocked by treatment with specific reagents, e.g. 
benzene sulphonyl chloride (ConeN, 1945) then their nature and 
amount can be determined from the change of surface charge. If the 
charge due to the detectable polar groups is the same as the total 
surface charge, then the area occupied by these groups and hence that 
occupied by the non-polar groups can be estimated. This method of 
analysis is not without serious practical difficulties. 

Useful information has resulted from a study of the zeta-potential 
of bacteria treated with surface active agents. Cationic detergents in 
proportion to their concentration cause a decrease of the negative 
charge of the bacterium, reversal and finally stabilization of a positive 
charge. This is presumably due to the solubility of the non-polar 
hydrocarbon residue of the detergent in the surface lipid. As the 
ionized polar head is not wet by the lipid, it protrudes into the aqueous 
phase and contributes to the total surface charge. A relative measure 
of the area occupied by lipid in the exposed surface can be obtained 
from the shift in mobility in the presence of a limiting concentration of 
the detergent. The validity of this conclusion lies in the fact that the 


uptake of the detergent is a function of its concentration and also the 
amount of lipid available for solution. The same general picture for 
different organisms is obtained from such a study, despite the differences 


in the initial charge carried and the concentration at which reversal 
of charge occurs. 

More significant results can be obtained from a similar study carried 
out inthe presence of anionicsurface activeagents. A study of anisolated 
lipid emulsion exposed to detergent can reveal the maximum mobility 
attainable. This should be the value of the mobility of the organism 
if the surface were composed entirely of lipid and saturated with the 
detergent. For Micrococcus aureus the normal mobility in phosphate 
buffer solution (ionic strength 0-02) 2-3, and in the presence of 
10-4M sodium tetradecyl sulphonate it is 2-7 yw/sec/V/em. The 
difference between these two values (viz. 0-4) is an index of the surface 
area occupied by the lipid. The extracted lipid from this organism has 
a mobility of 6-4 in the same concentration of detergent. Thus the 


9.7 ).* 


as a's 


percentage of lipid at the surface is given by “wr 3 < 100, ie. 


v4 — 2 
approximately 10 per cent. In carrying out such an experiment with 
an emulsion, the size of the droplet must be carefully controlled and 
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known. Large droplets with a correspondingly greater surface area 
and hence an ability to take up more detergent will migrate faster than 
small ones. 

A confirmation that such a lipid-detergent interaction causes these 
changes in mobility has been obtained using the enzyme lipase. After 
exposure to lipase, the normal cells show no change in their mobility; 
but the change in mobility in the presence of detergents is markedly 
reduced. This diminished affinity of the organism for the detergent 
molecule is due to the hydrolysis and removal of lipid material from 
the cell surface. 

These various methods of study have been used in an investigation 
of the changes in the bacterial surface which occur during adaptation 
to certain bacteriostatic agents. The growth of Aerobacter aerogenes 
in the presence of crystal violet produces a new strain of organisms 
which, biologically cannot be differentiated from the parent strain, 
but which has a new and characteristic electrokinetic behaviour. A 
study of the mobility of these organisms in solutions of different pH 
values and in the presence of surface active agents and also after 
treatment with organic solvents and lipase has led to the conclusion 
that their surface is predominantly lipid in nature. Similar studies 


applied to the parent organism enabled its surface to be characterized 


as polysaccharide. It is believed that such observations on drug 
trained strains are evidence in support of the theory of cell modification 
rather than the theory of natural selection. 
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EFFECT OF RADIATION ON DNA SYNTHESIS 
IN MAMMALIAN CELLS* 


Lola S. Kelly 


I. INTRODUCTION 
MopERATE radiation doses have profound physiological and morpho- 
logical effects in mammals although the total amount of energy 
absorbed is extremely low. It has long been known that death is due 
to the failure of a few radiosensitive organs, such as the intestine or the 


erythropoietic system, while other organs (e.g. liver, kidney) remain 


relatively intact. As yet there is no clear understanding of the basic 
differences involved in the wide range of radiosensitivity found in 
mammalian cells and tissues. Some organs normally have a very high 
rate of cell renewal (reviewed by LeBLoNnpD, 1956), and in these, 
radiation-induced mitotic abnormalities, chromosome breakage, and 
somatic mutations would be expected to cause morphological distur- 
bances (GLUCKSMANN, 1954). However, some cells, notably spermato- 
gonia (OAKBERG, 1955), die in interphase before undergoing mitosis, 
while some non-dividing cells die after low doses of radiation, for 
example small lymphocytes (TROWELL, 1952) and neuroblasts (Hicks, 
1953). The sequence of events on a cellular level is still poorly under- 
stood, although numerous biochemical changes have been observed in 
irradiated tissues (recent review papers by Orp and STOCKEN, 1953; 
Du Bots and Prerersen, 1954). To date it has not been possible to 
determine definitely whether any of these changes are the cause or 
effect of cellular damage. 

Since most cytological observations of radiation damage have impli- 
cated the nucleus, a great deal of attention has been focused on the 
effects of radiation on the physical chemistry and metabolism of 
desoxyribose nucleic acid (DNA). The present review will summarize 
experiments performed during the past few years in this laboratory on 
the metabolism of DNA in irradiated rats and mice. 


1. Metabolic stability of DNA 

Rapid progress has been made in the last fifteen years in the under- 

standing of the structure and metabolism of nucleic acids, and a compre- 

hensive summary has recently been published (CHARGAFF and 
* Much of the experimental work described was supported by the U.S. Atomic 

Energy Commission. 
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Davipson, 1955). A few major points concerning DNA metabolism 
will be mentioned here. All cells and some viruses contain DNA in 
combination with protein as part of their genetic material. In general, 
the amount of DNA per cell is constant and is characteristic of the 
species. There are only two known exceptions to this: (1) cells in 
which the chromosome number is greater or less than diploid contain 
correspondingly larger or smaller amounts of DNA and (2) cells which 
are preparing for division double their DNA content. This synthesis 
of additional DNA occurs during interphase, but the exact timing has 
been determined in only a few cell types (HowARD and PeEtc, 1953; 
Moses and Taytor, 1955; Swrrr, 1953; WaLker and YATEs, 1952). 
In the author’s opinion it is now well established that various precursors 
are incorporated into DNA only when it is being newly synthesized. 
The most conclusive experiments in this regard have been performed 
with radioactive phosphate (°*P) (HowaRp and PEtc, 1953; Mosgs 
and Taytor, 1955; NyGaarp and Ruscu, 1955; Daoust et al., 1956: 
HEALY et al., 1956), but results, with other precursors, generally parallel 
those with phosphate (PAYNE ef al., 1952; Tyner ef al., 1953; Rivisz 
et al., 1956). Thus it appears that DNA, once formed, does not exchange 
with its surroundings and is only broken down when the cell dies. 


2. Factors which may affect the observed DNA specific activity 
Since EULER and HEvesy’s original study (EULER and HeEvgssy, 1942) 
in which they described a decrease in the incorporation of **P into 
DNA of irradiated Jensen sarcoma, many papers have appeared on 
the influence of radiation on DNA synthesis in mammalian tissues. A 
great variety of tissues, both normal and neoplastic, have been investi- 
gated, using radiation dosages in the range of 100 to 5000 r. In nearly 
every instance a lowering of the specific activity of DNA has been 
found at some time after radiation. It seems certain that the lower 
DNA specific activities are due to lower overall rates of DNA synthesis, 
since no changes or only minor changes have been found in the specific 
activities of tissue precursors of DNA (various acid soluble compounds). 

It has thus become a rather generally accepted tenet in radiobiology 
that irradiation interferes with DNA synthesis. However, current 
evidence indicates that the observed inhibition of DNA synthesis is 
largely a secondary effect rather than the result of a specific biochemical 
lesion (an interference in the DNA biosynthetic mechanism with other 
functions of the cell remaining intact). There are a number of pro- 
cesses, other than a direct inhibition of DNA synthesis, which may 
affect the observed DNA specific activity, and these are dependent 
on the tissue, on the radiation dose, and on the time interval under 
investigation: (1) as pointed out by Howarp (1956), the radiation- 
induced depression of mitosis may prevent cells from entering their 
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next period of DNA synthesis, and the time at which the inhibition 
would become evident would depend on the normal time interval 
between mitosis and DNA synthesis. (2) Mammalian tissues are 
composed of mixed cell populations with very different rates of cell 
division, and any loss of the more actively dividing cells would produce 
a decreased DNA specific activity. (3) In some tissues death of cells 
shortly after radiation is a prominent phenomenon, and inclusion of 
their DNA in the isolated material would lower the DNA specific 
activity, although the remaining viable cells might be synthesizing 
DNA at a normal rate. The magnitude of this effect depends on the 
death rate and the rate of removal of dead cells from the tissue. (4) 
An inhibition of DNA synthesis may be the result of several as yet 
ill-defined indirect effects, such as the liberation of tissue breakdown 
products, reduced food intake or adrenal hyperactivity. 


Il. Errects or RADIATION ON INCORPORATION OF 32P 


1. Time course of radiation response 

The early work on the radiation inhibition of DNA synthesis has been 
reviewed by Hevesy (1948). He and his co-workers found that both 
normal and neoplastic tissues showed a similar inhibition and thought 
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Fig. 1. Two-hour **P incorporation into DNA of mouse small intestine after 
various doses of X radiation (from KELLY eft al., 1955). 
Abscissa: time from beginning of irradiation to injection of *P. 
Ordinate: DNA specific activities as per cent of unirradiated controls. 


that the greatest effect occurred at the time of irradiation. However, 
it was later shown that part of the immediate effect was due to 
immobilization of the rats during irradiation (AHLSTROM ef al., 1947). 
While doing some radiation protection experiments, we noted that in 
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several tissues the incorporation of **P was lower one day following 
irradiation than immediately after it and decided to investigate the 
time course of the inhibition with several radiation doses (KELLY et al., 
1955). The mice were irradiated with 300, 800, or 2500 r,* and at 
various times thereafter the two-hour incorporation of °?P into DNA was 
measured in a number of tissues. The experiments showed that all 
tissues had lower DNA specific activities at some time atter irradiation, 
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DAYS 
Fig. 2. Two-hour **P incorporation into DNA of mouse spleen after various 
doses of X radiation (from KELLY et al., 1955). 
Abscissa: time from beginning of irradiation to injection of *P. 
Ordinate: DNA specific activities as per cent of unirradiated controls. 


but wide variations were found in the extent of the depression, the 


time at which recovery occurred, and the dose dependence. That the 
lower **P DNA specific activities were a true reflection of a decreased 
overall rate of DNA synthesis in the tissues was confirmed by similar 
results using adenine 4-6 4C as the precursor (BENNETT et al., 1954). 

Figs. 1, 2, and 5 illustrate the results obtained with **P in small 
intestine, spleen, and liver. They may be considered as examples of 


tissues with different known radiosensitivities: small intestine as a 
sensitive tissue which recovers rapidly from doses below a critical level, 


spleen as a highly radiosensitive tissue, and liver as a radioresistant one. 


2. Effects in small intestine 

In the small intestine (Fig. 1) there were striking differences in response 

to different radiation dosages. Whereas 300 r produced only a very 
*Under the conditions of irradiation employed 800 r is lethal for a majority of the 

mice, death occurring between days 9 and 15. After 2500 r, the mice die between days 

3 and 5. 
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slight effect, 800 r resulted in a specific activity which was 50 per cent 
of normal 2 hr after irradiation, and then recovery occurred. The 
very high specific activity of DNA measured two days after irradiation 
has also been observed in rat small intestines at this time. This recovery 
was not seen, however, when the radiation dose was increased to 2500 r; 
instead the DNA specific activities continued to decrease. These 
results must be interpreted in the light of the known cellular dynamics 
of the small intestine which have been reviewed by QUASTLER (1956). 
The synthesis of DNA occurs primarily in the crypt cells which con- 
stitute considerably less than half of the total cell population, whereas 
the isolated DNA is derived from all the cell types. Any change in 
the proportion of crypt cells to other cells would therefore result in an 
altered DNA specific activity, irrespective of events occurring specifi- 
cally in these dividing cells. For example, one day after 800r the 
2-hour incorporation into DNA had returned to normal, which may be 
due to a normal rate of DNA synthesis in the crypt cells at this time. 
However, alternative explanations are possible. Measurements of the 
total DNA content (or total cell number) showed a reduction to 66 per 
cent of the pre-irradiation value, but no quantitative data are available 
on the relative loss of the different cell types (see also ConaRD, 1956). 
If the majority of the lost cells were villus epithelium cells (which 
contain inert DNA), the crypt cells might be synthesizing DNA at a 
reduced rate, but the specific activity of the isolated DNA would not 
show this reduction because there would be less dilution with inert 
DNA. It is also possible that at one day after radiation there was a 
greater reduction in the number of crypt cells but that the remaining 
crypt cells were synthesizing DNA at a greater than normal rate. 
The very high specific activity two days after 800 r must be a reflection 


of increased synthetic activity in the crypts, since even a total loss of 


villus epithelium (which does not occur) could at the most raise the 
DNA specific activity by a factor of two. The fact that no such recovery 
occurred after 2500 r is in agreement with QUASTLER’s observation 
that two days after a high radiation dose the number of cells per crypt 
is only a few per cent of normal and most of these show cytological 
damage. It would be ot interest to measure the rate of DNA synthesis 
in the dose range critical for the production of “intestinal radiation 
death” (about 1000 r) (QUASTLER, 1956; RAaJEWsky, 1955; Bonp et. 
al., 1950). 

In view of the observations of severe cytological disturbances in 
crypt cells within two hours after radiation (MONTAGNA and WILson, 
1955), it seems probable that the early depression of **P incorporation 
into DNA is the consequence of cell damage; however, the possibility 
of a direct biochemical lesion in DNA synthesis cannot be ruled out. 
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3. Effects in spleen and thymus 

Fig. 2 illustrates the changes in the two-hour DNA specific activity in 
the spleen at various times after irradiation. It is evident that radiation 
profoundly affects the rate of DNA formation in this radiosensitive 
organ and that there is a progressive decrease with time after irradiation. 


Similar results have been obtained in spleen and bone marrow using 
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Fig. 3. Probit inhibition—log dose curve 
incorporation of *P into rat-thymus DNA two hou 


Orp and Srocken, 1956). 


formate C as the precursor (MAINE e¢ al., 1955). It is well known that 
radiation doses in the range used in these experiments produce a marked 
change in the cell population, with nearly complete elimination of the 
myelopoietic and lymphopoietic cells. The low rate of isotope incor- 
poration into DNA found experimentally at long time intervals after 
irradiation is probably due to the absence of those cells which are 
normally most active in the synthesis of DNA. 

The inhibition observed by us in spleen and thymus shortly after 
irradiation corresponds closely with the dose response for inhibition of 
82P incorporation into DNA of rat thymus (Fig. 3) published by Orp 
and STOCKEN (1956). The fact that this dose response curve is very 
similar to the curve described by Parr (1955) for the percentage of 
dead thymus cells six hours after irradiation strongly suggests that in 
these tissues, even at short time intervals, the observed inhibition of 
DNA synthesis is the consequence of cell damage and cell death. 
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4. Long term incorporation studies 


Table 1 represents the DNA specific activities in rat thymus and spleen 


TABLE 1 


DNA Content and Specific Activities of Thymus and Spleen afte r 100r 


Sple en 


Perce ntage of 


2 hr incorporation into DNA 
control 


32P 1 hr after X-ray 
82P 24 hr after X-ray 
24 hr incorporation into DNA 
82P immediately after X-ray 
Adenine 4-6-!4C immediately after X-ray 
DNA content per organ 
24 hr after X-ray 
DNA concentration per gram 
24 hr after X-ray 


after 100 r total body irradiation. It is included to illustrate the 
32P 


following points. This low dose has a marked effect on the 2 hi 
incorporation into DNA in these radiosensitive tissues, and one day 


after irradiation a considerable loss of cells had occurred, as shown by 
the reduced DNA content per organ. In the spleen the cell population 
is very heterogeneous with respect to nuclear cytoplasmic ratios, and 
therefore a change in this population can be demonstrated as a change 
in the concentration of DNA. Similar data have been presented for 
spleen and other radiosensitive tissues by several authors (COLE and 
Exuis, 1954; Harrineron and Lavik, 1955a; LutTwak-Mann, 1952: 
THOMSON ef al., 1953; THomson et al., 1952). In tissues which normally 
have a high rate of cell formation and loss, measurements based on the 
long-term incorporation of precursors into DNA may give a misleading 
and variable picture. For example, although the rate of DNA synthesis 
in the spleen was reduced by 100 r measured by the 2 hr *P incor- 
poration, only a small difference was found after radiation when a 
24 hr isotope incorporation period was used. The irradiated spleen 
DNA specific activity was actually higher than the control when 
adenine was used as the precursor (BENNETT, 1955). In the thymus 
both the **P and the adenine specific activities were lower in the 
irradiated rats, in contrast to the data of Harrineron and Lavrk 
(1955b) who found no change in the adenine specific activities under 
similar conditions. In normal rats, using **P as the precursor, it was 
found that both spleen and thymus DNA specific activities increased 
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rapidly after injection of the isotope, reached a maximum at six and 
twelve hours respectively, and decreased thereafter (Fig. 4). This 
pattern is presumably due to the rapid emigration of cells whose DNA 
was synthesized shortly after **P injection. After irradiation a massive 











Fig. 4. Thymus and spleen DNA specific activities* of normal 


times after **P injection 


rats at various 


* Specific activities were calculated as counts per minute per milligram DNA pl 


divided by cpm injected per gram. All valu e been multiplied by 10°. Verti 
show standard errors of the meat 


cell loss is superimposed on this pattern, and therefore it does not seem 
surprising that the resultant 24 hr specific activities should be 


rariable. 


5. Effects in liver 
Fig. 5 illustrates the time course of the inhibition of DNA synthesis 
in the liver. A slight depression of the DNA specific activity has been 
observed in nearly all of our measurements at short time intervals, but 
the effect was much greater 12-24 hr after irradiation. There 
was no apparent dose dependence. AHLSTROM ef al. (1944) and HEvesy 
(1949) have reported greater depressions shortly after radiation, while 
HARRINGTON and LAvrik (1955a) found no effect after a toxic dose of 
2p. 

From histological observations the liver has been considered a radio- 
resistant organ, and only minor alterations have been described even 
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after large doses (WARREN et al., 1952; ArreL, 1951; Wrtson and 
STOWELL, 1953). The normal adult liver has a very low rate of new 
cell formation—we estimate of the order of 0-5 to 1 per cent per day 
from DNA incorporation data or mitotic counts in parenchymal cells. 
It seems possible that only a few special cells with short intermitotic 
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Fig. 5. Two-hour **P incorporation into DNA of mouse er after various 
doses of X radiation (from KELLY ef al., 1955). 
Abscissa: time from beginning of irradiation to injection of **P. 
Ordinate: DNA specific activities as per cent of unirradiated controls. 
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Fig. 6. Liver DNA specific activities* at various times after **P injection in 
control mice and in mice receiving 2500r total body X radiation 17 hr 
after **P. 

* Specific activities were calculated as counts per minute per milligram DNA phosphorus 


divided by cpm injected per gramme. All values have been multiplied by 10%. Vertical lines 
show standard errors of the means, 
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times normally undergo mitosis and that they happen to be more 
radiosensitive than all the other liver cells. The following experiment 
demonstrates a selective loss from irradiated livers of cells which had 
recently synthesized DNA. Mice were injected with **P and the liver 
DNA specific activities determined at various times thereafter, yielding 
the control curve in Fig. 6. If they were irradiated with 2500r 17 
hr after the isotope injection, the subsequent DNA specific activities 
were below the values at the time of irradiation. This could only be 
due to the selective loss of cells which contained labelled DNA before 
radiation. However, the experiment does not distinguish between a 
special radiosensitive cell type and a loss of cells upon attempted 
mitosis. 

One additional difficulty in the interpretation of delayed radiation 
reactions in the liver is that indirect effects (due to tissue breakdown 
products, adrenal hyperactivity, reduced food intake, ete.) are not 
well understood. For example, recent experiments in mice (KELLY 
and Hrirscu, 1955) have demonstrated that a 24 hr fast reduces the 
incorporation into liver DNA to about half the normal value. Reduced 
food intake, however, could only account for part of the radiation 
effect, since a depression in DNA synthesis could still be observed even 
relative to fasted controls (PAYNE, KELLY, and ENTENMAN, 1952). 


6. Effects in regenerating liver 

Howarp and Petc (1953), interpreting radioautographic experiments 
in bean roots, suggested that radiation interfered with two processes 
in the mitotic cycle. Cells which were irradiated before they had 
begun DNA synthesis were delayed in entering synthesis, and cells 
which were irradiated during or after DNA synthesis suffered mitotic 
inhibition. This experiment suggested a study of the effect of radiation 
on DNA synthesis in regenerating livers. In the early stages of liver 
regeneration there is some synchrony in DNA synthesis and mitosis 
among the cells, and it was hoped that irradiation during some critical 
period would prevent the onset of DNA synthesis. However, the results 
have been difficult to interpret. Im our experiment (KELLY ef al., 
1957a) liver regeneration in mice was induced by the administration 
of carbon tetrachloride, which produces a massive necrosis followed by 
regeneration. By measuring the **P incorporation into DNA at varying 
times thereafter, it was found that DNA synthesis began at about 
30 hr and reached a maximum rate (75 times the normal) at about 
40 hr (Fig. 7). Significant mitotic activity was first observed at 
44 hr. When the mice were given 800 r total body radiation 12 
hr after carbon tetrachloride, the initiation of DNA synthesis was 
slightly delayed. Irradiation between 24 and 48 hr, however, with 
either 800 or 2000 r, had no effect on the DNA specific activity. At 
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later time intervals (3 to 4 days) 800 r produced a depression analogous 
to that occurring in normal livers. Although there is currently no 
adequate explanation for the difference in response at the various 
stages of regeneration, the experiment does demonstrate that under 
some circumstances DNA synthesis is not affected by rather high 
radiation doses. During this period, however, mitoses were suppressed, 
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Fig. 7. Two-hour DNA specific activities* and mitotic counts** in mouse 
livers at various times after carbon tetrachloride (from KELLY et al., 1957a). 
* Horizontal bars represent mean DNA specific activities. Specific activities were calculated 
as counts per minute per milligram DNA phosphorus divided by cpm per gramme. Vertical lines 
show standard errors of the means. 
** Black dots represent mean number of parenchymal 
power. 


cell mitoses per 10 fields under high 


supporting the suggestion that there must be a radiosensitive process 
in the initiation of mitosis which is separate from any effect on DNA 
synthesis. 

Experiments of similar design have been performed in two other 
laboratories on rat livers regenerating after partial hepatectomy 
(Hotmrs and Mer, 1955; Mer, 1956; Porrer et al., 1956). No 
definite evidence could be found that irradiation at any particular 
stage of the mitotic cycle was responsible for the suppression of DNA 
synthesis. In contrast to our results, MEE (1956) found an immediate 
inhibition of synthesis after 2200 r regardless of the time of irradiation, 
and Porter et al. (1956) observed an inhibition after lower doses, as 
did THomson et al. (1954). Using mouse livers regenerating after 
partial hepatectomy, JARDETZKY et al. (1956) also found an immediate 
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lowering of the DNA specific activity after 2000 r. It is possible that 
the high radioresistance in our experiment was due to anoxia or some 
other special condition produced by carbon tetrachloride and that the 
radiation inhibition of DNA synthesis after partial hepatectomy is the 
expression of a biochemical lesion produced by radiation. Alternatively, 
it may be that the results after partial hepatectomy are due to some 
indirect effect produced by radiation which is not operative after 
carbon tetrachloride because the animals are already very sick and 
might not respond to a further insult. This problem will probably 
not be resolved until more is known about the mechanisms controlling 
liver regeneration. 


7. Behaviour of solid tumours 

One of the experiments which led us to believe that factors other than 
a direct biochemical lesion must be involved in the low DNA specific 
activities after irradiation was an experiment performed with two 
transplanted tumours (Fig. 8). These two tumours had approximately 
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Fig. 8. Two-hour **P incorporation into DNA of mouse tumours after X radia- 
tion (from KELLY et al., 1955). 
Abscissa: time from beginning of irradiation to injection of **P. 
Ordinate: DNA specific activities as per cent of controls. 


the same growth rate, mitotic index, and short-term incorporation of 
32P into DNA before radiation, but responded very differently to whole 
body radiation. One day after 800 rthe DNA specific activity (measured 
2 hr after injection of **P) was approximately 50 per cent of normal 
in the mammary carcinoma, while it was only 4 per cent of normal in 
the lymphosarcoma. While the carcinomas showed relatively little 
histological evidence of damage at this time, the lymphosarcomas 
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appeared to be a mass of cell debris and had involuted to less than half 
the pre-irradiation mass. Three days after irradiation the involution 
was much more marked, but the remaining cells again had a normal 
DNA specific activity. The very low specific activities one day after 
radiation in the lymphosarcoma are undoubtedly mainly due to the 
large amount of cell debris, and no conclusion can be drawn regarding 
the ability of the remaining viable cells to synthesize DNA. 

In the mammary carcinoma the incorporation into DNA was only 
very slightly affected at short times after radiation. Mitoses, however, 
were absent, indicating again that some process other than inhibition 
of DNA synthesis was responsible for the mitotic inhibition. After the 
first day, both the DNA specific activity and mitotic activity were 
approximately 50 per cent of normal. Despite this considerable rate 
of cell production, there was no increase in tumour weight for 6 days, 
presumably because of increased cell death. It should be emphasized 
that the mice had received whole body radiation, and it is not safe to 
assume that the changes observed are all due to direct radiation effects 
on the tumours. In several tumours a depression of the DNA specific 
activity to approximately half the normal value has been observed 
after radiation (EULER and Hevessy, 1944: Howtmes, 1949; VerRMUND 
et al., 1953; BackMANN and HarBeErs, 1955). Studying mouse 
mammary carcinomas, VERMUND ef al. (1953) found that even 9000 r 


per cent. They suggested that the residual incorporation seen after 


irradiation might be ascribed to a “‘turnover’’ of DNA in those cells 
that were preparing to undergo division even though the new synthesis 
of DNA was blocked. This explanation seems somewhat unlikely in 
view of the more recent evidence that even in rapidly dividing tumours 
DNA remains stable once it is formed (PAYNE et al., 1952). However, 
the fact remains that an immediate inhibition of incorporation into 
DNA to approximately 50 per cent has frequently been observed after 
high radiation doses, and to date its significance is not known. 

HARBERS and BACKMANN (1956) recently made a very interesting 
observation which should be investigated further. They fractionated 
DNA from WALKER carcinomas according to the scheme of BENDICH 
et al. (1953) by which two fractions are obtained (DNA, insoluble, and 
DNA, soluble in isotonic saline). The rate of incorporation of **P into 
the two fractions was identical before radiation. After 5000r the 
specific activities of both were depressed, with a slightly greater effect 
for DNA,. However, while the ratio of the amount of DNA, to DNA, 
was approximately two before radiation, it dropped to one-tenth that 
value 2 hr after radiation. The significance of this change cannot 
be assessed until more is known about the intracellular origin of the two 
fractions. 
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8. Behaviour of ascites tumours 

In recent years a number of radiation studies have been performed 
with ascites tumours. As experimental tools ascites tumours have 
several advantages over solid tumours and mammalian tissues generally 
(for recent references see HauscuKa, 1956); they may be obtained as 
nearly pure suspensions of one cell type, their growth rate can be 
determined with ease, as can the cell number and percentage of viable 
cells in any sample to be studied biochemically. In addition, they are 
particularly suitable for cytological and radioautographic studies. A 
large variety of tumours have been converted to the ascites form, and a 
quantitative comparison of biochemical and cytological changes after 
radiation should in the future yield valuable information about the 
factors involved in radiosensitivity or resistance. To date, unfor- 
tunately, most studies have involved only one tumour, and it is difficult 
to compare results unless all the conditions are identical. 

The Ehrlich ascites tumour has been studied extensively by KLEIN 
and associates both with respect to normal growth patterns and 
response to radiation. Kern and ForssBere (1954) found that for 
2 days after 1250 r, there was no change in the total cell number, no 
increase in the number of dead cells, and no mitosis during most of this 
period. In other words, the cells which were irradiated were still 
present for 2 days, and biochemical changes in them could be studied. 
Their measurements indicated that the mean cell volume and mean 
nitrogen and DNA content per cell increased at a rate (1-3 per cent to 
1-7 per cent per hr) closely matching the pre-irradiation growth 
rate of the tumour, while the mean DNA content per cell increased 
at a slower rate (0-5 per cent per hr). In a subsequent paper Forss- 
BERG and KLErN (1954) described the changes in the incorporation of 
glycine 2-4C into the major cell constituents after radiation. Since 
they found only a minor depression in the DNA specific activity, they 
suggested that there was incorporation into DNA which was not 
accounted for by a net increase in DNA. This seemed to us an important 
point which warranted further investigation, particularly since the 
tumours had been studied between 7 and 9 days after transplanting, 
when the growth rate of the unirradiated tumour was decreasing 
rapidly (KLErN and R&vész, 1953). In our experiments (KELLY e¢ al., 
1957b), therefore, we used the tumours between 4 and 6 days after 
transplantation, and our results regarding the rate of DNA synthesis 
do not agree with the suggestion of ForssBrerRG and Kiery. However, 
it should be pointed out that most of our experiments were performed 
after a somewhat lower radiation dose (800r). When the 2 hr 
incorporation of **P into DNA was measured at various times after 
radiation, a significant depression was not seen until the second day. 
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Determinations of the mean DNA content per cell (Fig. 9) showed that 
during the first day after irradiation the cells continued to synthesize 
DNA at a rate closely matching the growth rate of the unirradiated 
tumour (1-5 per cent per hour or 36 per cent per day) and the rate of 
DNA formation estimated from incorporation data. The increased 
mean DNA content per cell one day post-radiation was confirmed by 
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Fig. 9. Mean nucleic acid contents per cell* of Ehrlich ascites tumour at vary- 
ing times after radiation (from KELLy et al., 1957). 
* All values expressed as per cent of controls. Vertical lines represent standard errors of 

the ratios. 
Feulgen microspectrophotometry (Fig. 10), which showed a definite 
increase in the percentage of cells with the higher DNA content. 
During the second post-irradiation day there was little further increase 
in the mean DNA content per cell and also a depression in the rate of 
incorporation of **P. Our results therefore would be consistent with 
the idea that although the cells are unable to go through mitosis after 
radiation, they continue to synthesize DNA until the majority of cells 
have reached the premitotic DNA content, at which time DNA synthesis 
decreases. Howarp (1956) has recently discussed this question in 
detail. The production of presumably polyploid giant cells after 
radiation (e.g. Puck and Marcus, 1956) makes it seem likely that, in 
the absence of mitosis, DNA synthesis can eventually continue, perhaps 
at a reduced rate or in a cyclic fashion. 

It is important to point out that, although the irradiated Ehrlich 
cells synthesize DNA at a normal rate, we have no assurance that this 
is entirely normal DNA or nucleoprotein. CONGER (1956) has shown 
that when mitosis is resumed nearly all cells show anaphase abnor- 
malities after 400 r. 
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A few papers have been published on the radiation response of ascites 
tumours other than the Ehrlich tumour. GARDELLA and LICHTLER 
(1955) studying the Yoshida sarcoma after 1000 r found an increase 
in the mean cell volume and RNA content but no increase in the mean 
DNA content one day after radiation, suggesting a specific inhibition 
of DNA synthesis. However, in view of the apparent radiosensitivity 
of this tumour (FREYMANN, 1954) it seems important to rule out the 
possibility that their results were due to a selective loss of cells. 
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Fig. 10. The distribution of individual DNA values* in control and irradiatec 
Ehrlich ascites cells (from KEtLty et al., 1957). 
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We have performed a few experiments similar to those with the 
Ehrlich tumour using the L2 lymphoma (SHELTON, 1954). However, 
a dose sufficiently high to prevent mitoses for one day (800 r) resulted 
in a loss of approximately half the cells present at the time of radiation. 
Since it is not known whether the lost cells were a random sample of 
the population or represented primarily the cells in late interphase, 
no conclusion could be drawn regarding DNA synthesis from the lack 
of increase in the mean DNA content per cell one day post-radiation. 
When a lower dose (300 r) was used in order to prevent cell loss, no 
increase in the mean DNA content per cell could be observed as was to 
be expected, since the early return of mitotic activity after this dose 
would prevent any significant accumulation of cells with a high DNA 
content. However, judging by the 2 hr incorporation of **P into 
DNA, either immediately after 300 r or one day later, no inhibition 
of DNA synthesis occurred. 
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HARRINGTON et al. (1956) have compared the effects of high radiation 
doses on the incorporation of **P into DNA of four different ascites 
tumours. The measurements were made immediately after radiation, 


and of the four tumours one showed some depression after 1000 r, one 
after 2000 r, and the other two were not affected even after 5000 r. 
From the work reported thus far on ascites tumours, the tentative 
conclusion might be drawn that there is very little evidence for a specific 
biochemical lesion in DNA synthesis. Tissue culture appears to be 
another promising system for the future elucidation of the biochemical 


effects of radiation. Recent advances in the in vitro cultivation of a 
variety of mammalian cells, under well defined conditions, will permit 
comparative studies and should help in the elucidation of the bio- 
chemical lesions produced by radiation. However, in the author’s 
opinion, great caution should be used in the interpretation of radiation 
effects measured in cell suspensions in vitro under conditions which 
do not allow continued cell growth. It is becoming apparent that under 
these circumstances there may be abnormalities in the metabolism of 
nucleic acids (ORD and STockEN, 1956; HarrineTron and LaAvIkK, 
1956; Torrer, 1954), or even massive cell lysis after short incubation 
times (TorTEerR, 1954). 


9. Indirect effects. 

In the literature there are a few reports on indirect effects of radiation 
on DNA synthesis. This refers to the depression of DNA synthesis in 
an unirradiated or shielded tissue when some other portion of the 
animal is irradiated. AHLSTROM ef al. (1945) observed that when one 
tumour in the rat was irradiated with 2000 r, a depression in the 
incorporation of **P into DNA also occurred in a second shielded tumour 
shortly after irradiation (see also HoLtmgEs, 1949; VERMUND et al., 
1953; Ketty and Jones, 1950). SmeLiie ef al. (1955) recently 
reported a depression in thymus DNA synthesis one and two days after 
partial body radiation in rabbits. At present it seems likely that these 
effects would be observed after a variety of traumatic procedures and 
are not due to a specific radiation-produced humoural agent. However, 
these experiments serve to emphasize the fact that changes observed 
in an irradiated tissue are not necessarily the result of direct radiation 


damage to that tissue. 


III. SumMMARY 


Irradiation with doses of the order of 100 to 5000 r depresses the rate 
of incorporation of precursors into DNA of most mammalian tissues. 
The investigation of the time course of the inhibition of DNA synthesis 
after various radiation doses has revealed wide variations in the extent 
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of the inhibition, the time at which recovery occurred, and the dose 
dependence. In nearly every instance the observed inhibition of DNA 
synthesis appears to be due to changes in the cell population rather 
than the result of a specific lesion in the biosynthetic mechanism. 
Experiments with ascites tumours support the concept that DNA 
synthesis is relatively radioresistant and can proceed normally for 
some time after radiation. 

A variety of experiments have established that radiation may abolish 
mitoses when there is no discernible effect on DNA synthesis. These, 
together with a consideration of the time relationship between DNA 
synthesis and mitosis, make it certain that the mitotic delay after 
radiation must be due to some radiosensitive process which is indepen- 
dent of any possible effect on DNA synthesis. Conversely however, 
the inhibition of mitosis may prevent cells from entering the following 
period of DNA synthesis and thus may be one of the mechanisms 


responsible for the observed inhibition of DNA synthesis in irradiated 


tissues. 

Since biochemical changes are very difficult to interpret in tissues 
with mixed cell populations, studies on uniform cell populations and 
observations of individual cells should be emphasized in the future for 
the elucidation of the biochemical basis for radiation damage. 
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THE AXON SURFACE* 


EF’. O. Schmutt and N. Geschwind** 


[. INTRODUCTION 

THE nerve membrane or axon surface, which is the subject of this 
review, doubtless implies different things to readers of different 
biological backgrounds and interests. To the biophysicist and neuro- 
physiologist it probably suggests the thin film at the axon surface, 
frequently called the ‘‘excitable membrane,”’ which is believed to be 
the structure capable of manifesting rapid and reversible changes in 
permeability to Na and K, and to be the site of active ion transfer (ion 
“‘pumps’’); it is the entity to which are ascribed the physical properties 
studied by electrophysiologists and which has been dealt with in 
membrane theory since the early days of physical chemistry. To the 
biochemist and enzymologist it may represent a poorly defined surface 
membrane equipped with the complement of enzymes thought to 
occur at cell surfaces, especially those involved in active ion transfer ; 
the chemical composition would be thought of rather vaguely as 
involving certain phospholipids, galactolipids, steroids and proteins, 
possibly similar to those found in the red cell membrane. To the 
anatomist the implication would be rather clear: it is simply the 
membrane at the surface of the axon which can be visualized with 
light or electron optical means. 

Doubtless all would agree that, if we are to achieve an understanding 
of the processes underlying nerve function, we must supplant the vague 
and speculative notions of “the membrane” by concrete knowledge of 
the molecular organization and chemical constituents which charac- 
terize the surface region of the axon. The great advances which 
resulted from the use of microelectrodes and invertebrate giant fibres 
in more clearly defining and localizing the electrical properties of the 
axon are familiar to all. Similar “break-throughs’” may be expected 
from a determination of the molecular organization of the region 
which lies between axoplasm and extracellular space. 

We shall try in this review to indicate the present status of this 
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subject primarily with respect to peripheral nerve fibres and to call 
attention to certain problems in relation to basic nerve theory which 
are posed by information recently obtained (see also ScumirT, 1957b). 
We shall refer only briefly to the central nervous system because its 
complexity makes review of it both premature and inappropriate at 
this time. We shall consider most extensively the surface structure 
of vertebrate and invertebrate peripheral fibres where the data fall 
most readily into simple, uniform patterns. 

With the development of refined methods of ultrathin (200 A) 
sectioning and of high resolution (20 A) electron microscopy it has 
now become entirely feasible to visualize directly any film which may 
occur at the surface of the axon even though composed of but a single 
bimolecular leaflet of lipid and one monolayer of protein, provided 
the structure is faithfully preserved in the process of fixation, sectioning 
and electron microscope observation. An axolemma has been observed 
by several investigators but whether this is in fact the “‘excitable”’ 
membrane and what molecular organization underlies the resolved 
film structure are unknown. If this review were to be limited to this 
film and its appearance in the electron microscope it would be very 
short indeed. 

Actually one cannot regard such thin films as discrete, sharply 
defined two-dimensional structures independent of their environment 
in the living cell although they frequently appear so in electron micro- 
graphs. Rather one must consider the membrane more as a region 
and in relation to the environment with which it is in constant dynamic 
interaction. The internal environment includes the small and large 
molecular and ionic constituents of the axoplasm as well as the various 
particulates found there, while the immediate external environment of 
the membrane is primarily the Schwann cell, or its equivalent. The 
properties of the Schwann cell sheath thus assume great importance 
not only for the maintenance of so improbable a structure as the axon 
of a long nerve fibre but also for the propagation of impulses. 

This raises the question of the actual location and nature of the 
extracellular phase, particularly in relation to ion concentration 
gradients involved in electrical polarization. 

In order to surmise the probable nature in life ot the thin membranes 
forming charged interfaces, we shall have to interpret, with the aid of 
X-ray diffraction and other techniques, the structures seen in electron 
micrographs. Ion transport is thought to occur through or across 
such very thin layers. We shall attempt to define the actual structural 
background of such transport but the physical chemical mechanism of 
ion transport is beyond the scope of this review. 

Although the axonal surface plays a central role in the electro- 
physiological processes of impulse propagation it is also of vital, if not 
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always clearly recognized, importance in other processes such as the 
formation of the myelin sheath and the establishment of appropriate 
connections with end organs. These will also be discussed. The intact 
axon also is known to be necessary for maintaining the integrity of the 
peripheral field, such as muscle fibres, during development and growth 
as well as in the adult. Since little information is at hand as to the 
specific role of the surface membrane of the Schwann or other satellite 
cells in this process we shall not be concerned with it here. 


Il. THe [InNNeER ENVIRONMENT OF THE AXON SURFACE 


The axoplasm which forms the inner environment of the axolemma is a 
kind of cytoplasm which has certain special features. Although the 
neuronal cytoplasm is continuous from cell body to presynaptic 
terminals and continuity with the cell body is required for the main- 
tenance of the peripheral fibre, the great distances from the cell body 
to the farther reaches of the axon, far greater than the distance of any 
other cell type from its processes, make it necessary that the more 
remote parts of the axon possess a certain degree of autonomy from the 
parent cell. This autonomy may be provided to an important degree 
by the Schwann cells which invest the axon over most, if not all, of its 
surface although the clear-cut structural and chemical differentiation 
distal to the cell body may also be concerned. Thus the ultraviolet 
absorption, related to the presence of basophilic material (Nissl sub- 
stance, lamellar system, ““endoplasmic reticulum’’), is sharply reduced 
in passing from cell body to axon hillock and further distally. 
Similarly the organelles typical of active protoplasmic systems are 
largely absent from the distal axoplasm. The axoplasm of fresh 
unfixed nerve fibres is in fact optically empty both in visible and ultra- 
violet light as well as in polarized light and as viewed in dark field 
illumination. This is particularly easy to observe in fresh squid giant 
fibres. 

Weiss and Hiscor (1948) suggested that axoplasm is constantly 
moving from the cell body, which is the seat of the synthesis, distally 
down the axon like a jelled cylinder. Some of the materials, particu- 
larly the proteins, are thought to be oxidatively removed in the 
peripheral axon. This hypothesis still awaits confirmation by further 
experimental evidence. 

Related to the chemical and ultrastructural differentiation of the 


peripheral axoplasm is the inability of the distal fibre to survive after 

severance from the cell body. This is not to say, however, that such 

extirpated fibres are incapable of conducting impulses and continuing 

their chemical metabolism for long periods of time. Frog sciatics may 

continue to conduct impulses and consume oxygen for several weeks if 
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precautions are taken to avoid bacterial contamination and if the 
nerve is kept cold between runs (ScHmirtT, unpublished). During so 
long a period many changes in the axoplasm must have occurred yet 


in many of the fibres, impulse propagation was still possible. 

The axoplasmic specializations at the nerve terminals will be 
considered in a later section. 

The major constituents of axoplasm will be considered in three 
categories: small molecules diffusible through a Cellophane membrane, 
large molecules separable by dialysis, and larger colloidal particulates. 


1. Small molecules 
Since current views stress that polarization and action potentials are 
due to the partition and movements of ions, the exact ionic composition 
of the axoplasm is of major importance. Only for the squid giant axon 
where uncontaminated axoplasm can be isolated do we have exact 
data on ionic composition. Although most of the cations are inorganic, 
most of the anions and some of the cations are organic. Because 
organic ions can be readily added or removed by metabolic activity, 
their presence in such large amounts suggests that this may be a means 
by which the axon can modify its electrical potentials fairly rapidly. 
Such metabolically produced and dest royed ionic groups may also be 
essential parts of pumping mechanisms for inorganic ions. 

KOECHLIN (1955) has summarized studies on the composition of the 
small molecules. Table 1 modified from his paper gives us the major 


TABLE 1. 


partitions of squid axoplasm. The low molecular weight constituents 
are predominantly ionized molecules bearing a net charge. However, 
dipolar constituents are also common. Amino acids make up one 
quarter of the solids of low molecular weight. Table 2 summarizes the 
amino acid composition of squid axoplasm with figures for squid 
muscle given for comparison. Aspartic and glutamic acids carry a net 
negative charge. The others are electrically neutral. These concen- 
trations are high and their full physiological significance is yet to be 
explored. 
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TABLE 2 
Amino acid composition of squid axoplasm and muscle 


Data are in terms of u-moles/g wet tissue 


Component Axoplasm 


Aspartic acid 
Glutamic acid 
Taurine 
Glycine . 
Alanine 
Serine 
Proline 
Others 


* Values of Parker (1953) recalculated for an intracel » of 80 per cent. 


Of major interest from the point of view of excitability are the 
ionized components. The cations are generally considered to be the 
major current-carrying components. Their partition in squid axoplasm 
is given in Table 3. The value for calcium is an upper limit. KeryYNEs 


TABLE 3 


Inorganic 
K 
Na 
Ua. 
Mg 
Organic 
(by difference 


Total 


and Lewis (1956) indicate that their measurements show that the 
actual concentration of Ca is probably less than 1-0 yeq./g. It 
will be noted that some 16 per cent of the total cations are organic and 
are as yet unidentified. This is of added importance in view of the 
fact, investigated extensively by LORENTE DE NO and his co-workers 
(LARRAMENDI ef al., 1956) that certain organic bases, notably primary 
ammonium ions, quaternary ammonium ions and guanidine derivatives, 
can replace sodium ions in certain nerve types, i.e. can restore irrita- 


bility to nerves rendered non-irritable by exposure to sodium-free 
solutions. LORENTE DE NO is inclined to regard certain organic bases 
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as being more intimately related to the actual electrogenic reactions, 
thought by him to be responsible for the action wave, than the sodium 
ions. Investigations are under way in this laboratory to identify the 
organic bases which are actually present and to determine their 
concentrations. It is quite possible that one or another of these bases 
is intimately involved in reactions at the surface. 

The organic anion fraction has been studied in great detail because 
it comprises a major portion of the total anions. Berar and ScHMITT 
(1939) had found that the major anion fraction of squid nerve must 
consist of organic acids. Scumitrr, BEAR, and SILBER (1939), STILBER 
and Scumitt (1940), and SriBer (1941) found a similar anion deficit 


in lobster nerve, a sizeable amount of which was accounted for by 
aspartic acid. Lewis (1953) stated that the high aspartic acid con 


centration, characteristic of several invertebrate nerves, essentially 


completely accounted for the anion deficit of crab nerve. KOECHLIN 
(1955) re-investigated the anion fractions in squid axoplasm and 
discovered that the major anion component is a substance previously 
unknown in biological systems, 2-hydroxyethanesulphonic acid, 


usually called isethionic acid, CH,—CH,. This compound has a pK = 


SO.H OH 
1-5 so that at physiological pH it is completely ionized. The amino 
analogue of this substance is taurine which is found in high concentra- 
tion in squid exoplasm and muscle. KOECHLIN showed that there is 
also present in squid nerve a carboxylic acid fraction which makes up 
about 7 per cent of the total anions. 

In as yet unpublished studies, KOECHLIN has investigated further the 
acid-base balance of invertebrate nerves (Table 4). He has found that 
isethionic acid, although the dominant anion in squid nerve is present 
in relatively low concentrations in lobster and crab nerves. It is 
therefore probably not a universally dominant anion in nerve. Aspartic 
acid is the dominant anion in crustacean nerve at about the same 
intracellular concentration as that of isethionic acid in squid axoplasm. 
[In unusually high concentration are the C-4 dicarboxylic acids, malic, 
fumaric, and succinic acids which are related metabolically to aspartic 
acid. These anions of course are prominent in the Krebs cycle. In all 
nerves so far studied by KoEcCHLIN an acid tentatively designated as 
‘“axonic”’ acid was found. Its concentration is in the range 30-60 weq/g 
wet tissue. It appears to be dicarboxylic and of molecular weight 
150-200. 

Table 4 summarizes the approximate anion composition of different 
invertebrate nerves. A point of major interest in these figures is the 
large percentage of anions which are products of, or are concerned 
with, metabolic cycles. The anion composition may vary greatly with 
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Anion Composition of 


Crah 
Lobst ral Carcinus 
Homarus ance! maenas 


american rroratu Lewis, 1953) 


An OLS 
Inorgani« 
Chloride and 
phosphate 
Organic 
Dipolar (asparti 


Sulphonic 


isethionu 
Dicarboxyl 
Malic 
Fumaric 
Succinic 
**Axonic”’ 
Others 
Total anions 


Total cations 


metabolism and this variation may account for differences in the 
partition of the anion fraction in different studies. Moreover it should 
be noted that such variations in anions would affect the cation fraction 
as well because of the demands of electrical neutrality. Increased 
catabolism with a fall in cell pH and a rise in intracellular anions 
might be followed by an outflow of H+ and an inward “pumping” of 
other cations. 

In order to determine to what extent the anion pattern of inverte- 
brate nerve is reflected also in vertebrate myelinated nerve Koechlin 
(unpublished) initiated a study of rat sciatics. He was able to make 
only one comprehensive experiment and the results must therefore be 
considered highly provisional and subject to confirmation. However 
since duplicate runs checked well and since the values are probably 
accurate to about 5 per cent, they are, with Dr. KOECHLIN’S permission, 
set forth in Table 5. It will be noted that, although isethionic acid is 
present, its concentration is very low. “‘Axonic”’ acid, on the other 
hand, makes up about half of the diffusible organic anions. Since these 
analyses were made on intact rat sciatics which contain large amounts 
of connective tissue the concentration of axonic acid in the axoplasm 
of these nerves may have been somewhat higher than that given; at 
any rate the concentration is clearly in the same range as that in 
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TABLE 5 


Total anions 

High molecular 
anions 

Chloride phosphat ) 

Organic acids 

(Remaining anions 
Malice acid 
Fumarie acid 
Suceinic acid 
Unidentified 
**Axonic’”’ acid 


[sethionie acid 


invertebrate nerves. This lends emphasis to the desirability of deter- 
mining the identity of this anion and, if possible, its role in nerve 
function. 

KOECHLIN’s (1955) figures for the partition of phosphate in squid 


axoplasm are given in Table 6. The breakdown of the phosphate 


Free 


Bound 


fraction of squid axoplasm has been studied by CALDWELL (1956). 
In sea water the main phosphate fractions are orthophosphate 
(67-236 ugP/g tissue) a fraction having the same paper chromato- 
graphic distribution as ATP (58-135 ugP/g) and a _ phosphagen 
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(47-152 uwgP/g) which is possibly arginine phosphate. When the 
axons were immersed in sea water containing 0-2 mM dinitrophenol 
the ATP fraction was unchanged for about 100 minutes but the 
phosphagen fraction fell markedly and increased again after replace- 
ment in sea water for 50 minutes. Immersion in 2 mM cyanide or 
3 mM azide caused a fall in both phosphagen and ATP with recovery 
on re-immersion in sea water. Caldwell discusses the relationship 
between Na extrusion and changes in axoplasmic phosphate esters. 


2. Large molecules 

Perhaps the most significant macromolecular constituent of axoplasm 
is the fibrous protein which forms the basis of the neurofibrils of classical 
histology. Neurofibrils may be regarded as invariable and charac- 
teristic morphological components of neurons. Once regarded by 


physiologists as artifacts of fixation, neurofibrils, in the form of their 


elemental filaments, are now clearly known to exist in the fresh axon 
though comprising but a small fraction of the total axon solids 
(ScoMiTT, 1957a). Various investigators have described these axon 
filaments as fibrous structures of the order of 100-200 A thick and of 
indefinite length. They may have smooth edges or appear to be 
associated with a granular component, forming a nodular structure. 
The fibrous protein can be obtained uncontaminated by sheath and 
extracellular constituents only from the squid giant fibre by extrusion 
from the cut end of the extirpated fibre. Dispersed in aqueous solutions 
the filaments give rise to high relative viscosity which is reversibly 
reduced to that of the dispersion medium by elevation of the ionic 
strength to about 0-1 (unpublished observations in this laboratory by 
Drs. A. J. Honan, M. A. Jakus, and B. B. GeREN). MAXFIELD (1953) 
and Maxrretp and Harriey (1956) developed methods for the puri- 
fication of this fibrous protein and have studied the properties of the 
purified material. They find that the protein makes up about 0-35 per 
cent of the wet weight of squid axoplasm or about 2-6 per cent of the 
dry weight. Its isoelectric point is at a pH close to 6-0 and it is 
considered to be a flexible rod rather than a random coil. At low ionic 
strengths it has a very high particle weight (order of 10%) but at higher 
ionic strength these filaments dissociate into globular molecules of 
molecular weight about 70,000. From electrophoretic studies the 
fibrous protein was found to have a high charge density. As the pH 
is raised from 6-0 to 7-6 the cross-section is halved, possibly by a longi- 
tudinal splitting without substantial change in length. Within limits 
these two types of change are reversible and occur in the physiological 
range of ionic strength and pH (the pH of extruded axoplasm is about 
6-4). The physiological and biochemical role of the axon fibrous 
protein are completely unknown. However, the protein may quite 
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possibly be combined loosely or firmly with the axoplasmic surface 
of the axolemma, in which case its interaction characteristics with 
respect to ionic strength and pH may importantly influence the 
properties of the surface film, particularly those of permeability. 

Efforts are now being made to obtain the purified axon fibrous 
protein from giant fibres of the large Chilean squid in sufficient quantity 
to permit determination of its amino acid composition, possible 
enzyme complement and other properties. Provisional X-ray diffrac- 
tion studies by Dr. CAROLYN COHEN in collaboration with Dr. Berry 
GEREN UzMAN (unpublished) suggest that the protein is a member of 
the keratin-myosin (K MEF) class of fibrous proteins, hence presumably 
composed of polypeptide chains in helical configuration. 


oy Axoplasmic particulate S 

It is perhaps in these constituents that one sees the most dramatic 
alterations as one moves through axoplasm from cell body to endings. 
The neuron soma contains organelles typical of metabolically active 
cells: mitochondria, Golgi apparatus and basophilic components 
(Nissl substance which includes ribonucleoproteins arranged in the 
lamellar structure called ‘endoplasmic reticulum” or “‘ergastoplasm,”’ 
PaLAYy and PALapE, 1955). By light microscopy the amount of Nissl 
substance diminishes sharply as one moves away from the cell body 
along the axon (YOUNG, 1956), but its complete disappearance is diffi- 
cult to evaluate. PaLapE (1955) has studied the “endoplasmic 
reticulum” and found it present in all types so far studied with the 
exception of red cells. He notes its presence in rat axons without 
special description. H&ss and Lansrye (1953) found in the fibres of 
sciatic nerves of 14-day-old guinea pigs elongated structures which 
sometimes appeared to have a double membrane. In cross-section they 
formed rings of diameters ranging up from 300 A. They believe that 
these are elements of the “endoplasmic reticulum.’’ Dr RoBERTIS and 
BENNETT (1955) and IsstpormpEs (1956) note the presence of this 


component in earthworm axoplasm. MAXFIELD (unpublished studies) 
found in the fractionation of the components of squid axoplasm by 
ultracentrifugation that the easily sedimentable fractions contained 


particulate matter, much of it in the form of membranes. 

The most prominent particulate feature so far studied in the axon 
is the mitochondria. SJO6sTRAND (1955) has reviewed the structure of 
mitochondria in detail and Dempsry (1956) has discussed their varia- 
tions in different tissues. In general in electron microscopy these 
structures show a smooth osmiophilic outer edge separated from a 
similar dense line by a lightly staining area about 100 A wide. Within 
the organelle double-edged membranes are seen, organized as parallel 
septa or incomplete lamellae (‘‘cristae’’). Mitochondria show great 
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variations in structure. DrmpseEy notes that in the perikaryon they 
are usually slightly elongated structures of moderate size but in the 
axon they may be greatly elongated. It appears in general that the 
number of internal membranes is higher in cells with higher metabolic 
rate. 

HARTMANN (1956) found that the mitochondria in the perikaryon 
area have transversely orientated internal membranes (this is the 
typical form in many cell types) while those in axon and dendrites may 
show transverse, longitudinal or oblique layers. These layers are 
closely packed, especially in synaptic areas where they are longitudinally 
orientated. HARTMANN notes also that mitochondria are present in all 
glial elements of cerebral cortex. PALAy (1956) in his study of synapses 
in rat central nervous system notes the characteristic longitudinal 
orientation of the ‘‘cristae’’ on both sides of the synapse. 

In invertebrate nerve the mitochondria of the axon are concentrated 
just under the axolemma (GEREN and ScumirT, 1954). The mito- 
chondria of the squid giant axon are ovoid structures, ranging in size 
up to 2-4 uw. These mitochondria show an internal structure of various 
types: honeycomb, internal lamellae, concentric or helical membranes, 
or irregularly-shaped inclusions. Whether these are true structural 
differences or artifacts due to fixation is as yet unknown. In squid 
giant fibres the mitochondria are concentrated near the surface but are 
also present in the body of the axoplasm while in lobster and in medium- 
sized squid fibres they are almost exclusively just under the axolemma. 

From lobster and squid nerve homogenates FosTER (1956) attempted 
to isolate the mitochondria by differential centrifugation. The final 


preparations were not entirely mitochondrial since at all speeds of 


centrifugation some non-mitochondrial particulates were carried 
down. The behaviour of these mitochondria was similar to that of 
mitochondrial preparations of other tissues in that they manifested 
significant succinic dehydrogenase and cytochrome oxidase activity. 
For squid nerve these specific activities approximated well those found 
by other workers for a variety of mammalian tissues. The lobster 
nerve mitochondrial fraction manifested oxidative phosphorylation 
with the following substrates: succinate, fumarate, malate, citrate, 
a-ketoglutarate. The P/O (phosphate utilization/O, consumption) 
ratios varied from 0-69 to 1-6. It seems likely that the mitochondria 
which are located immediately under the axolemma may play an 
important role in metabolic reactions at the cell surface complex and 
thus may influence membrane properties markedly. 

Lowry and co-workers (unpublished) has made studies of the enzy- 
matic activity of squid axoplasm. These will be summarized later on 
in the paper where it will be convenient to compare them with enzyme 
activities in the Schwann sheath (Section IV 2). 
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Synaptic vesicles. These particulate components of the axoplasm 
will be considered later in our discussion of synapses (Section V). 


Ill. THe Axon SURFACE 


We have considered the inner environment of the axon surface and 
we will now proceed to discuss that surface itself. However in 
evaluating both the axon surface and its immediate outer environment 
major problems of interpretation of electron microscope appearances 
become evident. In particular the problem of the interpretation of the 
significance of membranous structures becomes prominent. No final 
assessment of the morphology can be made until these problems of 
interpretation are resolved. It is therefore necessary first to consider 
certain technical problems involved in the interpretation of thin films 
seen in electron microscopy. 


1. Interpretation of thin films in electron microscopy 

In nearly all electron micrographs of thin sections one is studying 
tissues fixed in osmium tetroxide. In thin sections what is seen in the 
electron micrograph is primarily the osmium tetroxide or other heavy 
elements fixed on structures of the tissues; the tissue components 
themselves do not scatter electrons significantly differently from the 
background. 

In high-resolution electron micrographs one frequently sees mem- 
branes with a characteristic structure consisting of two dense lines 
separated by a relatively less densely staining layer. ROBERTSON 
(1956b) has recently reviewed the distribution of such membranes. 
He notes that they are present in Nissl substance, Golgi apparatus, 
nuclear membranes, mitochondria and many cell surfaces. 

What is the significance of the “dark’’ and ‘“‘light”’ areas in such 
double membranes? The ‘dark’ are in general those which stain 
with osmium tetroxide. Porter and KALLMAN (1953), Baur (1954), 
Mixas (1955) and EpeLHocu and Rosertson (RoBERTSON, 1956b) 
have discussed the chemical reactivity of this substance. It is not an 
electrolyte: the name ‘‘osmic acid”’ is therefore misleading and might 
well be abandoned. These workers all stress that to think of osmium 
as a “fat stain’ is confusing, since saturated fats do not react while 
many other groups react vigorously. Summarized from BAHR’s (1954) 
data are the various groups and compounds in order of their reactivity: 

1. Sulphydryl groups and double bonds have approximately equal 
reactivity. The sulphydryl reactivity is of interest with respect to 


proteins, peptides, and enzymes. The double bonds are of importance 
for reactions of unsaturated lipids either longchain or cyclic, e.g. 
lecithin, cerebrosides, vitamins, steroid hormones. 
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2. Tryptophane. 

3. Amino groups in terminal position and not salt-linked, sulphide 
sulphur, hydroxyl and aldehyde groups in terminal positions and on 
certain carbon chain lengths, certain heterocyclic compounds and 
aromatic compounds with hydroxyl groups in juxtaposition; these all 
react strongly. 

It should be noted that certain compounds which might be expected 
to react strongly on the basis of chemical composition may react 
poorly because of steric factors. 

4. Carbohydrates and nucleic acids (with the exception of uric acid) 
are very poorly reactive. So also are saturated hydrocarbons, halo- 
genated hydrocarbons, ketones and esters. Carboxylic acids all react 
poorly. 

The reactions of proteins appear to be due to tryptophane, cysteine, 
and histidine, although ribonuclease and lecithinase, which should be 
reactive by this rule, are in fact poorly reactive. Most amino acids are 
poorly reactive, with the following exceptions: tryptophane, histidine, 


proline, cysteine, cystine, methionine, arginine (guanidine also is 


highly reactive), lysine, glutamine. EprLHocH and RoBERTsoN found 
that osmium tetroxide reacts with glutamate, aspartate, lysine, 
arginine, histidine, cystine, cysteine, methionine, tryptophane and 
hydroxyproline. 

The above studies are clearly of significance for the “dark” areas in 
the electron micrograph. But what about the poorly-staining layers 
100-150 A in width between the dark layers? From _ polarization 
optical and X-ray studies we know that biological thin films are usually 
composed of a complex of bimolecular layers of mixed lipids with 
proteins. A bimolecular leaflet of lipid is at most 60-70 A in thickness 
and to this must be added protein at the aqueous interfaces. One 
might therefore assume that, in the characteristic dense double edged 
structure, one is dealing with two membranes in apposition. The dense 
outer areas presumably correspond to the protein constituents which 
react with OsO, and possibly certain groups of the lipids. The light 
inner area would represent primarily the hydrocarbon chains of the 
two bimolecular leaflets; in these there is a relative paucity of double 
bonds and other reactive groups. Occasionally a thin dense line is 
resolved in the centre of the light area. This probably demarcates the 
outer zones of the apposing membranes. In support of this supposition 
may be mentioned evidence, to be considered in greater detail later on, 
in connection with the formation of myelin. The fusion of the infolded 
Schwann cell membrane (Fig. 2) is sometimes noted as a thin dense 
line. SJOSTRAND (1953) has actually observed such a line of fusion in 
lizard nerve, in which case the dense edges were 25 A thick and the 
light central area 95 A; the latter is in turn bisected by a dense line 
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thinner than the 25 A line. Ropertson has observed similar appear- 
ances in rat sciatic and in lizard nerves. FERNANDEZ-MoRAN (1956) 
has prepared a series of sections of myelin sheaths from the thalamus 
of the mouse, which demonstrate elegantly the thin dense line bisecting 
the “‘light area’’. 

Even if one admitted that the above interpretation is correct for 
lipid protein layered systems after fixation, it might be felt that, in 
native systems not fixed and dried, large amounts of water might be 
present between the layers. X-ray diffraction studies on model lipid- 
protein systems and on the myelin sheath appear to answer this ques- 
tion. Patmer and Scumirr (1941) found that in dilute aqueous 
emulsions of lipids relatively thick layers of water may occur between 
double layers of lipid. The water layers may make up as much as 86 A 
out of a total spacing of 150 A. 

However, if the ionic strength of the solution is raised water is driven 
out from between the layers. Thus 0-6 M KCl (about the total ionic 
concentration in squid axoplasm) removes nearly all the water from 
between the layers. CaCl, alone in a concentration of 0-04 M has the 
same effect. The addition of certain kinds of protein also expels water. 
All these facts make it unlikely that in physiological systems large 
amounts of water could be present between the layers. The X-ray 
diffraction evidence from the unfixed myelin sheath confirms these 
results because water can make up at most 30 A distributed between 
both membranes in the identity period of 171 A. 

It might be well to recall briefly at this point some of the purely 
technical problems associated with the visualization of double mem- 
branes. Even in thin sections slight changes in the direction of such 
membranes relative to the plane of the section will cause the two 
membranes to appear as one. In the cutting of sections the knife may 
compress tissue also causing such membranes apparently to fuse. The 
relatively large size of photographic grain will obscure fine details at 
highest magnifications. All these factors may frequently lead to 
failure of visualization of such membranes. With further refinement 
of technique it is to be expected that such membranes and even more 
highly layered membranes will be seen more commonly. 


2. The axolemma 


The very existence of an axolemma was hotly disputed by the classical 


histologists. The problem could never really be resolved because of the 
limitations of light microscopy. Electron optical techniques have con- 
firmed the existence of the axolemma. Hekss and Lansrye (1953) 
found constantly in their preparations of 14-day-old guinea pig sciatic 
nerves a membrane about 300 A thick. There was no fluid gap (the 
so-called ‘‘space of Mauthner’’) between this membrane and the 
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myelin sheath in preparations free of shrinkage. However, the mem- 
brane showed up most clearly when the axon had pulled away from the 
myelin and carried its most intimate sheath along. The axolemma 
was generally a thin dense membrane but in the best preparations it 
appeared double-edged. Roperrson (1956a) observed the double- 
edged structure frequently in his preparations, confirming HEss and 
LANSING’s earlier observation. The characteristic structure of the 
axolemma is noted in embryonic life in the studies of Hess (1956) and 
GEREN (1954). 

It is perhaps worth commenting here on the briefness of this section 
of our review. The axolemma as the bounding membrane of the axon 
is one of the details whose structure is of particular concern to all 
interested in the physiology of nerve, yet one about which knowledge 
is at best fragmentary. However, it should be recalled that as recently 
as 1950 workers with the electron microscope were denying the exis- 
tence of an axolemma. The advance in six years has been great and it 
is hoped that further refinements in technique may increase our 
knowledge of this very thin film still further. 


[V. THe ExtTernaL ENVIRONMENT OF THE AXON SURFACE: 
THE SCHWANN CELL 

l. Structural aspects 
We will now consider the immediate outer environment of the axon 
surface. This environment consists of the Schwann cell layer and, in 
medullated fibres, its major intracellular inclusion, the myelin sheath. 

The classical histologists described the Schwann cell and its relation 
to the axon. Thus Casat (1912) described the adherent layer about 
the axon formed by Schwann cells. He considered that the sheath 
they formed was fenestrated, i.e. continuous but with “‘windows”’ in it. 
CaJAL thought that the Schwann cells were distinct one from another, 
in contrast to the views of others, e.g. of NaGrorrer, that they formed 
a continuous syncytial layer extending across the node of Ranvier. 
The Golgi apparatus of the Schwann cell was described in detail. 
CaJAL commented that it was a continuous network of primarily 
longitudinally oriented argentophile ‘‘channels”’ generally placed to 
one side of the nucleus; he made the interesting observation that the 
Golgi apparatus was much more extensive and complicated in mye- 
linated than in unmyelinated fibres. 

The Cajal school was actively interested in ‘‘analogues” of the 


Schwann cell in other parts of the nervous system. Horrsea described 
the oligodendroglia in the central nervous system and found the 
resemblance to the Schwann cell striking enough to prompt him to 
name the largest (type IV) the ‘“Schwannoid type.” He claimed that 
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each of these covered only one large myelinated fibre while the smaller 
ones might supply prolongations to envelop several fibres. He dis- 
covered another satellite cell in the peripheral ganglia which he named 
the gliocyte and considered a Schwann cell analogue. Dr Castro 
(1946) followed up HorTEGA’s interest in satellite cells. He tried to 
present evidence from light microscopy to support HorrnGa’s view 
that nerve fibres are covered everywhere by Schwann cells or their 
analogues except at synaptic terminations where it was thought that 
glial fibres enveloped the cell. They felt, in short, that all exchanges 
between the cell and its environment take place through an atmosphere 
of satellite cells. ‘TELLO (1944) made a study of the nerve terminals at 
neuro-muscular junctions in several species of animals and concluded 
that, while the myelin sheath comes to a definite ending at the point 
where the nerve fibre goes beneath the sarcolemma, the Schwann cell 
continues to cover the fibre terminals. 

HorteGa and his school drew conclusions from studies working at the 
limit of resolution of light microscopy and it has remained for electron 
microscopy to verify some of their conclusions and negate others. We 
shall see that indeed the Schwann cell does cover the fibre continuously 
(without fenestrations) and that probably metabolic interchanges 
between the axon and its environment must take place through the 
Schwann layer as surmised by Hortreca. Also the Schwann cell has 
varied activities in relationship to myelination and metabolism which 
add further to its already well-known significance as an essential 
factor in nerve regeneration (YOUNG, 1942). Finally we shall see that 
the guess that the Schwann cell or a glial cell extends over nerve 
terminals is probably incorrect. 

We will consider the Schwann cell in various types of neurons. By 
convention we will divide fibres into myelinated and unmyelinated but 
will have some comments (Section VI) on the re-evaluation of this 
nomenclature. 

l. 1. Structure and formation of myelin. The ultrastructure of nerve 
myelin has been the object of investigation since the earliest applications 
of polarization optical analysis to biological problems. Thus the 
birefringence of myelin was discovered by EHRENBERG in 1849 and 
many papers on the subject were written during the remainder of the 
century but the application of WrENER’s theory of form birefringence 
to the nerve problem made possible the prediction of myelin ultra- 
structure. These studies culminated in the masterful work of ScuHmr1ptT 
(1937) who interpreted the radially positive intrinsic birefringence and 
the radially negative form birefringence after lipid extraction (optical 
axis radial in both cases) as indicating that, in the myelin of fresh fibres, 
the lipid molecules are orientated with long paraffin chains extending 
radially while the protein molecules extend with long axes tangential. 
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He suggested a concentric layered structure for the myelin sheath,* 
in which the lipid and protein components alternate, the thickness of 
the individual lipid-protein layers being small with respect to the 
wavelength of light. This analysis was confirmed by CHINN and 
SCHMITT (1937). 

This concentric layered structure was confirmed and extended by 
X-ray diffraction analysis (ScumirT, Bear, and CLARK, 1935; SCHMITT, 
BEAR, and PautmeErR, 1941; ExLkKrs and Frvean, 1949; FrNngan, 1954). 
It was possible, in one of the earliest applications of low-angle X-ray 
diffraction to biological structure problems, to demonstrate that the 
concentric layers have a thickness, given by the identity period in the 
radial direction, of about 171 A in the nerves of cold blooded animals 
and about 185A in those of warm blooded animals. The corres- 
ponding thicknesses after drying are 144 and 158 A, respectively, 
indicating that water occupies not more than 25-30 A in the total 
layer thickness. The high-angle diffraction evidence is consistent with 
the view that the lipids occur without obvious pattern of organization 
within the layers, i.e. as liquid condensed films of mixed lipids. 

The layered structure predicted by polarization optics and X-ray 
diffraction was confirmed by direct visualization of the layers in the 
electron microscope, the demonstration becoming particularly beautiful 
after the development of the technique of thin sectioning (FERNANDEZ- 
MorANn, 1950; SsJOsTRAND, 1953). Since then technique has advanced 
so that now the structure is evident in the routine sections made by 
most electron microscopists of nerve. 

The thickness of the concentric layers seen in electron micrographs 
proved to be smaller than that demonstrated by the X-ray data: 
59 A in frog nerve and 71 A in rat nerve (FERNANDEZ-MoRAN, 1950), 
119 A for mouse nerve (SJOSTRAND, 1953) and 85-95 A in adult frog 
nerve (GEREN and RASKIND, 1953). 

With the exception of SsOsTRAND’s, these values correspond fairly 
closely to half the fundamental repeating units calculated from X-ray 
data. Finegan (1954) obtained X-ray evidence for a period of 148 A 
in the same OsO,-fixed and embedded nerve from which SJGsTRAND 
had observed a period of 119 A in electron micrographs of thin sections. 
FERNANDEZ-MorRAN and FINEAN (1957) have done much to clear up 
this problem. They subjected large numbers of nerves to a great variety 
of procedures. X-ray diffraction studies were made of the embedded 
nerves prior to sectioning and electron microscopy. They found 
uniformly a close correspondence between X-ray measurements and 

* It should be noted that the polarized light analysis could give no details of the 
suggested alternation of lipid and protein components or their respective thickne 
It may also be mentioned that NaGrorre (1911) had previously suggested on histological 
grounds (preferred cleavage planes of the fixed myelin) that the myelin may be composed 
of concentric layers. 
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EM measurements when they took as the EM period the distance 
between heavy dense lines |this distance is bisected by a lighter dense 
line, corresponding to half the X-ray period]. However, FINEAN’s 
(1957) X-ray study of nerves subjected to osmotic swelling, in which 
the evidence strongly indicates that water enters at the half period, 
together with the electron microscope measurements showing inter- 
layer distances half the X-ray period for dried preparations of the 
same type of nerves, referred to above, are illuminated by the theory 
of GEREN which may now be described. 

In trying to account for the manner in which such an extremely 
well ordered layered structure might be formed, two possibilities 
suggest themselves: (1) the synthesis of a large amount of mixed 
lipids and proteins by the Schwann cell is followed by an orderly 
separation of these components into a smectic mesomorphic system, 
or (2) the laying down during development of lipid-protein layers 
individually, one upon the other as myelinogenesis proceeds. The 
electron microscope studies of GEREN and RaAskIND (1953) on sciatic 
nerves of chick embryos strongly supported the second alternative. 
Observations of similar material and of developing rat sciatic fibres 
revealed certain spiral configurations extending from the outer Schwann 
cell membrane to the axon surface. These GEREN (1954) interpreted 
in an ingenious theory familiarly called the “‘jelly roll” or “Swiss roll” 
or, less expressively, the “membrane” theory of the origin of the 
myelin layers. According to this theory the first step in the myelina- 
tion process is the envelopment of the outgrowing axon by cells from 
the neural crest, the Schwann cells. The Schwann cells then literally 
wrap themselves around the axons many times, a process made possible 
by firm adhesion of the two inner surfaces and by a continuous infolding 
of the outer Schwann cell surface as the cell continues to increase its 
surface presumably by a very active biosynthesis of the lipids and pro- 
teins involved. GEREN (1956) subsequently demonstrated the same 
mechanism in myelinogenesis in the mouse. Occasionally a single 
myelin sheath is observed to enclose a bundle of axons; 
that the Schwann cell move about the axons rather than vice versa. 

GEREN’s work has received confirmation by various investigators 


this requires 


and her theory may now be considered well established for peripheral 
nerve myelinogenesis. A number of workers are now studying the 
process in the central nervous system but too little has as yet been 


published to warrant discussion here. RoBERTSON (1955a), in sections 
of chameleon nerve, observed very clearly not only the infolding of the 
outer membrane of the Schwann cell but the continuation of this double 


membrane with the spirally-wrapped system of the myelin and, 
finally, the parting of the membrane pair with deposition upon the 
outer surface of the axon. 
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The relationship between myelinated and unmyelinated fibres is 
shown by GEREN’s theory. In both cases the axon is surrounded by 
Schwann cells or their membranes. In the C fibres the axons travelling 
in a Schwann tube are, each, surrounded by a fold of the Schwann cell 
surface membrane (GASSER’S ““mesaxon”’ and RopErtTsoN’s “‘surface- 


connecting membrane’’). 
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Fig. 1. Illustration of the origin of myelin by a wrapping about the axon of 
Schwann cell membrane. 
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Fig. 2. Infolding of outer Schwann cell (SC) membrane to form concentric 


lipid-protein myelin layers. Note thin dense line between parallel dark lines. 


After GEREN and ROBERTSON. 


Some details of the spiral laying on of myelin membranes warrant 
brief consideration. In the first place the fact that the layered structure 
of the myelin sheath is formed by two Schwann cell membranes 
turned in upon each other explains why two, rather than one, bimole- 
cular leaflets of lipid with associated thin layer of protein are found 
in the radial identity period in the X-ray pattern. It may be assumed 
that the Schwann cell surface membrane is polarized, having slightly 
different structure or composition on the outer and inner sides of the 
membrane. In the infolding process the outer surfaces of the membrane 
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are in apposition, hence the identity period must include both mem- 
branes. This explanation heightens the significance of the X-ray 
analysis of nerve myelin because of the information which such an 
analysis gives about the structure of the plasma membrane—the 
membrane of the Schwann cell to be sure but this may well be fairly 
typical of cell membranes generally. The view expressed many years 
ago (ScumiTT and Bear, 1939) from polarization optical analysis that 
the structure of the myelin sheath may be typical of that of cell mem- 
branes generally is thus confirmed. 

In normal development or in regeneration not all outgrowing axons 
in a fibre population develop an affinity for the surfaces of Schwann 
cells in their vicinity and thus become myelinated. It would seem that 
such affinity must result from a conditioning of the surface by some 
chemical (humoral?) agent produced somewhere in the neuron. 

An infolding of the surface membrane to form highly contorted 
intracytoplasmic layers and folds has now been observed by many 
investigators in various types of cells, particularly those having high 
metabolic activity (PEASE, 1956). The function of such intracellular 
membranes or “myelin” is not clear although, if one can argue by 
analogy with other cytoplasmic organelles where layered structure is 
featured, such as the mitochondria, Golgi apparatus and cytoplasmic 
lamellae (endoplasmic reticulum), one might surmise that the function 
of the layers might well be to serve as a substratum on which to anchor 
the various enzymes, hormones and other biocatalyzers, perhaps 
arrayed in specific patterns best suited to perform the various 
biosynthetic and metabolic processes. 

Important in the process of membrane infolding is the attractive 
force which causes the outer membrane surfaces, after being brought 
into apposition, to expel water and perhaps suspended material and, 
by a kind of “‘zippering up” of the two surfaces (SCHMITT, 1941), to 
form a tightly bonded double membrane. Similar processes must 


occur when the various wrappings condense to form the compact 


myelin. During this process Schwann cell protoplasm must be expelled 


longitudinally along the axon and tangentially from between the spiral 
folds. This gives rise to Schmidt-Lanterman incisures (LUXORO, 
1956), and to the Schwann cell structure at the nodes where neighbour- 
ing Schwann cells adjoin each other or are fused to form a syncytium. 
It would seem that embryonic or regenerating myelinating fibres 
might provide useful experimental material with which to investigate 
factors which influence the mutual interaction of cell surfaces. 

l.l.a. The nodes of Ranvier and the incisures. GEREN’S elucidation of 
the structure of the myelin sheath still leaves the problem of the node of 
Ranvier to be unravelled. As was mentioned above, the classical 
neuro-histologists all believed that the node is covered by the Schwann 
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cell but there was some controversy as to whether the individual 
Schwann cells covering each internodal region fuse with their neigh- 
bours at the nodes to form a syncytium or remain unfused. The elegant 
elucidation in recent years of the process of saltatory conduction by 
TasAkI and by Hux.LrEy and STAMPFLI has made it imperative to know 
the structure of the node in detail. Studies of this matter have only 
just begun but it may be hoped that a clearer picture will soon emerge. 

There are three possibilities that one could envisage for the basic 
relationship of axon and Schwann cell at the node: 

1. The Schwann cells end at the node leaving the nodal region of the 


axon surface bare to the extracellular fluid. 

2. The edges of adjacent Schwann cells meet somewhere in the 
nodal region but do not fuse. Whether or not the axon surface is 
exposed to extracellular fluid in this case depends on the details of the 


structure involved. 

3. The edges of adjacent Schwann cells meet at the node and fuse 
to form a syncytium. Clearly at some early stage in development 
before myelin is fully formed and nodes differentiated the Schwann 
cells will be separate and independent. However with further develop 
ment fusion may occur and a Schwann cell syncytium may result. 

As we shall see, the first alternative can be rejected, but which of 
the last two holds for adult nerve fibres is still not certain. We shall 
consider the evidence presently available. 

GASSER (1952) discussed the nodes in the myelinated fibres of cat 
skin. He found that the diameter of the axon was reduced by half at 
the node, this corresponding to the constriction at this area noted by 
the classical histologists. He described most of the constricted portion 
as being covered by myelin with only a short free zone. Over the free 
zone the protoplasm of the Schwann cell is continuous, being bound 
to the axon surface by radially directed fibrils. In cross-section it is 
seen that the Schwann sheath is continuous around the axon. 

As the node is approached the myelin layers turn inward to form a 
dome perforated at the centre (through which opening the axon passes) 
and before ending the myelin layers curve back slightly toward the 
internode. Thus the outside of the outermost lamella comes into 
apposition with the axon. In the immediate region of the node the 
mitochondria in the Schwann protoplasm over the myelin sheath 
become very dense. GASSER comments that the axon is constricted 
not only at the node but also for a longer distance in the mid-internode 
where the fibre passes by the Schwann nucleus. 

Hess and Lansrna (1953) also studied the structure of the node. 
They found a constriction of the axon, sometimes to less than half its 
diameter. Near the node the myelin layers first run parallel to the fibre 
and then turn inward to meet the axon at right angles. 
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LUBINSKA (1956) made some interesting observations on the bulb 
or dome-shaped configuration of the myelin layers at the nodes using 
myelinated fibres floating on aqueous solutions to minimize distortions. 
She made large numbers of measurements on the diameters of the 
bulb-like ends of the myelin proximal and distal to a node and found 
that the proximal bulbs were always significantly larger. She suggests 
that this may be explained by the concept of Werrss and Hiscor (1948 
that axoplasm flows from cell body down the axon. At the node this 
flow meets a resistance due to the constriction and there is a slight 
“damming-up”’ effect. At the distal bulb of course this effect is absent. 

Luxoro (1956) made a detailed electron microscope study of the 
structure of the node and the incisure in frog sciatic nerves. He found 
that nodes are more easily recognized in fibres greater than 10 mu in 
diameter where the typical bulb-like appearance of the myelinated 
node is seen. In smaller fibres the outlines of the myelin at the node 
are flatter and the node is therefore harder to recognize. 

In individual fibres internode distances were very constant, but 
varied widely from one fibre to the next even when the size was the 
same. Thus in 10-12 4 fibres, internode length varied in different 
fibres from 0-6 to 1-6 mm. 

Luxoro found that the Schwann cell membrane extends across the 
node. The Schwann cell protoplasm was denser than both the sub 
jacent axoplasm and the surrounding connective tissue. He suggests 
that this density is due to the assembly of very thin and highly con 
torted membranes which can be seen sometimes to form vacuoles or 
cisternae (in a later section we will consider in some detail the 
intracytoplasmic membranes in the Schwann cells of invertebrate 
nerve fibres) and which perhaps correspond to intracytoplasmic 
lamellae or “‘endoplasmic reticulum.’? PALADE (1955) has reported the 
presence of endoplasmic reticulum in Schwann cells of rats, but has 
not described it. 

Luxoro did not observe the concentration of mitochondria reported 
by Hess and Lansrne@ (1953). He was also unable to find clear evidence 
of a membrane indicating that adjacent Schwann cells are unfused at 
the nodes. However it is still not certain that such cell interfaces are 
not present. 

The configuration of the axon surface in the node is of some interest. 
The constriction of the axon begins while the axon is still covered by 


myelin, 2 u, or more, away from the node. In the middle of this 


constriction right in the node the surface of the axon bulges outward 
into Schwann cell protoplasm so that axon diameter is again increased 
by as much as two-fold. It is suggested that this might serve to increase 
the Schwann cell axon boundary, as would also the contortions of 
the axon surface. 
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Luxoro’s description of the axolemma in the nodal region is of some 
interest. He finds the axon bounded by a very thin highly contorted 
membrane about 25-30 A thick which would suggest that this layer 
might contain only one or two monolayers of protein. It is possible 
that if there were also only one double layer of lipids of the order of 
60-70 A thick, its relatively poor staining might explain the apparent 


thinness of this membrane. The axoplasm itself becomes quite dense 


in the nodal region, perhaps due to the presence in it of “‘vacuoles”’ 
sometimes isolated, sometimes linked together. These may represent 
specializations of intracytoplasmic membranes. In the portion of the 
node where axoplasm bulges into Schwann cell Luxoro regularly 
noted oval bodies up to 0-3 x 0-7 uw, clearly delimited by a single 
dense line 25-30 A thick. These bodies may be structureless or may 
contain concentric double layers. Their significance is not clear. 

At the node the myelin layers bend inward more or less sharply 
depending on fibre thickness. In all high resolution pictures it was 
noted that 5—7 « before the node, a peeling off of myelin layers occurred, 
each one in turn changing direction by 45° to 135° to reach the axo- 
lemma where it inserts. ““Empty spaces” are seen between the detached 
fibres. From this structure LUXxoRo suggested that the radial resistance 
of the myelin sheath would decrease gradually in this region. GASSER 
(1952) in his description of these empty spaces suggests that they 
probably form the structure known to histologists as the spiny bracelets 
of Nageotte. 

Seen frequently in the myelin layers of the nodal region are ‘‘loops,”’ 
i.e. two black lines meeting at their ends with a space between them. 
LuxoRO suggests that in the process of myelination, as Schwann 
protoplasm is “squeezed out’’ from the layers of the developing myelin 
sheath, it will tend to be forced to the ends of the myelin layers where 
it may prevent the final “‘zippering” process from taking place. 

The incisures of Schmidt-Lanterman represent a problem for the 
GEREN theory of the formation of myelin. Luxoro has studied this 
structure and finds that the inner lip of the incisure frequently indents 
the axon. At the edge of the incisure double membranes leave the 
myelin, turn toward the incisure, penetrate deeply into its cavity and 
then disappear. This phenomenon is seen on both sides of the incisure 
and suggests that the myelin layers on one side are continuous with those 
on the other. A single layer might traverse the incisure, to be continued 
as a layer on the opposite side but at a relatively great distance radially 
from its origin. The continuity would not be seen in sections only 
250 A thick. The presence of double membranes apparently uncon- 
nected in the middle of the incisure is compatible with this view. 

The axolemma is continuous under the incisure. The incisures are 
very sensitive to traction, being as much as twice as wide in isolated 
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nerve fibres as in whole nerves. It is therefore likely that the delicate 
membranes traversing the space are frequently torn during the 
removal and fixation of the fibre, thus obscuring the continuity of 
the myelin layers. In longitudinal sections of whole nerve Luxoro 
found small values (0-03 to 0-6 yw) for incisure width, in contrast to 
those previously reported. In such longitudinal sections the con 
tinuity of the myelin layers across the incisures is clearly seen. This 
disposes of the possibility that the incisures might represent continuous 
“channels” of low resistance in the myelin sheath. It also suggests 
that the small amounts of current leakage through the myelin sheath 
in the internode observed in investigations on saltatory conduction 
might be still larger than those existing in the intact unstretched fibre 
in situ. In short LuxoRo’s data suggest that the myelin layers are all 
continuous across the incisure, with a sharp change in direction. This 
continuity is disturbed by traction on the fibres so that in many sections 
it may not be obvious. 

The work of LuxoRro provides further evidence in support of 
GEREN’s theory of the mechanism of myelination by showing that the 
structure of the node and the Schmidt-Lanterman incisure is not 
only compatible with the theory but that the theory in turn illuminates 
the origin of many features of this structure. 

ROBERTSON (1957) has. in a recently published note, presented 
evidence on the structure of the node which also supports GEREN’S 
theory on the mechanism of myelination. 

3 Zs Invertebrate myelinated fibres. No detailed electron microscope 
studies of invertebrate myelinated fibres have as yet been published. 
HouMeEs (1942) studied such fibres with histological methods. Although 
these are not comparable to the ultrastructural studies of other systems 
we have described, we will summarize his investigations in the hope 
that this may stimulate further study. 

HoutMEs noted that thickly myelinated fibres are rare in invertebrates 
but that the fibres of prawns and certain other crustaceans are excep 
tions. They are almost as heavily myelinated as vertebrate fibres of 
the same size and possess nodes. Some of the prawn myelinated fibres 
are larger than any found in vertebrates, being as large as 90 wu in total 
diameter. Houmes found that the conduction velocity for fibres of 
average diameter, 35 uw, was 20 metres/sec, greater than that of crusta 
cean fibres of similar size but less than that of the large fibres of cold 
blooded vertebrates. 

No Schwann nuclei were observed between the myelin layer and the 


connective tissue but between the axon and the inner surface of the 


myelin layer is a nucleated sheath not identified by HOLMES as a 


Schwann cell layer. The nodes are free of myelin. 
The motor giant fibres are unmyelinated inside the central nervous 
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system but are myelinated peripherally. The median giant fibres are 
myelinated throughout their length but no nodes are seen in the central 
nervous system. In these fibres at one point a constriction of the axon 


is seen. Total fibre diameter remains constant because of the thickening 
of the nucleated sheath next to the axon. 

This sytem clearly brings up certain morphological as well as 
physiological problems. Are the myelin sheaths in these prawns 
homologous with those of vertebrates? If so, the appearance of what 
might be the Schwann cell layer on the inner surface of the myelin 
sheath might mean that the process of wrapping of these myelin layers 
is rather different. Clearly further study is necessary to answer these 
questions and to determine whether myelination in these forms follows 
a pattern analogous to that in vertebrate fibres. 

1. 3. Invertebrate unmyelinated fibres. GEREN and Scumitr (1954) 
have studied the axon—Schwann cell relationship in detail, particularly 
in the squid and lobster. 

Squid giant fibres. In these fibres the Schwann cells, except in the 
neighbourhood of their nuclei, are very thin (0-2—1-0 u in diameter). 
Their surface to volume ratio is thus very high. In a giant fibre the 
Schwann cell layer will make up less than | per cent of the total volume 
of the fibre. The Schwann cells lie immediately upon the axon, which 
their nuclei indent. 

Within the Schwann cell cytoplasm are some 3 to 6 osmiophilic 
double-edged membranes, each about 150-250 A thick. A similar 
double-edged membrane is usually seen at the axon-Schwann cell 
interface. These double membranes course through the cytoplasm in 
a direction predominantly parallel to the surface of the fibre but in 
occasional areas one gets the appearance of a double membrane arising 
at the single dense membrane at the outer surface (basement membrane) 
of the Schwann cell and running a rather tortuous course to the axon 
Schwann cell boundary. Such layers which extend diagonally from the 
outer basement membrane to the axolemma may well be infoldings of 
the surface membrane or may represent the junction of two Schwann 
cells. The outer surface of the Schwann cell is highly irregular in 
contour, bounded by a single dense line and covered by an amorphous 
basement membrane. If the squid fibres are fixed in | per cent osmium 
tetroxide in solutions free of calcium or magnesium these double-edged 
membranes appear to be spread apart. 

FRANKENHAEUSER and HopGkrn (1956) have suggested that the 
light areas between the osmiophilic double-edged intracytoplasmic 
membranes are aqueous channels through which ions move and that 
in fact these channels constitute the diffusion barrier to K demanded 
by their experimental data. Although it is probable that between the 
two parallel dark lines of the intracytoplasmic layers lies an interface 
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containing highly solvated groups, the view that the light areas are 
aqueous channels about 270 A wide seems unlikely in the light of evi- 
dence advanced earlier and which may be summarized as follows: 
(1) the light areas lie between two dark lines which run remarkably 
parallel to each other; if the structure resembles that in the myelin 
sheath, these light areas would be composed not of water but of lipid 
molecules, the bulk of which are composed of hydrocarbon chains 
which have little affinity for OsO,; (2) from X-ray studies of lipid 
and lipid—protein systems, aqueous layers 200-300 A thick would not 
be expected in an aqueous lipid—protein dispersion under physiological 
conditions of ionic strength, pH and specific ionic composition, although 
the possibility cannot be excluded that most of the water which occurred 
between the layers under normal conditions in the living cell may have 
been removed during the process of fixation and sectioning; (3) in 
X-ray diffraction studies of the structurally similar layered system 
of the myelin sheath of unfixed nerves in isotonic saline the thickness 
of the water layers between membrane pairs is less than 30 A, i.e. very 
much less than that postulated by FRANKENHAEUSER and HopGKIN, 
and it is questionable whether such thin layers of water molecules 
highly co-ordinated about the polar groups at interfaces could be 
considered as channels of water in the sense of FRANKENHAEUSER and 
HopGKIN. It should be pointed out, however, that the intracellular 
layered system and the boundaries between cells may not behave under 
the conditions imposed in fixation, embedding, sectioning and electron 
microscopy, exactly as do the compact lipid—protein layers of myelin. 
Final judgment on the hypothesis of FRANKENHAEUSER and HODGKIN 
therefore requires more fundamental information than is at present 
available. 

Water permeability of invertebrate fibres: in his study of intact 
invertebrate nerves, Nevis (1956) drew some conclusions about the 
pathways for water movement. In these studies the water had one 
hydrogen replaced by tritium (HTO). The experimental results are as 
follows: 

The ratio of filtration permeability to diffusion permeability (P,/P,) 
for water in lobster leg nerves is 20 + 7. The absolute P, for squid 
giant fibres is 4 > /sec. This when combined with D. K. HIu’s 
measurement of filtration permeability gives a P,/P, ratio of 14. The 
ratio of the HTO efflux from lobster leg nerve at 24° to that at 14:7°C 
was 1-10 which corresponds to an apparent activation energy of 2-5 kilo 


calories per mole. Sodium cyanide (5 x 10-° M/I.) or iodoacetate 
(1 x 10-3 M/l.) altered neither the isotonic or the hypertonic HTO 
effluxes. 

From these experimental data certain theoretical conclusions were 
drawn. The high P,/P, ratio suggests that water moves through pores 
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rather than through an extended homogeneous bulk phase. From the 


P,/P, ratios an “effective pore radius” may be calculated; for lobster 


leg nerve fibre this was about 16 A, and for the squid giant fibre about 
11 A. The spacing of the pores is 2100 A (on the assumption that the 
membrane is about 400 A thick). These are of course statistical values 
based on the use of Poiseuille’s law, assumptions as to the isoporosity 
of the membrane, and extrapolation of intracellular volumes from 
efflux curves. 

The low activation energy for HTO efflux is consistent with a passive 
movement of water as is the lack of change with metabolic inhibitors. 
Nevis concluded that water moves by diffusion for fibres in isotonic 
solutions, by diffusion and bulk flow for fibres in non-isotonic solutions. 

Clearly much further study is needed to confirm the assumptions on 
which the calculations of pore size are based and to determine whether 
ion “pumping” and ion flow during conduction take place through these 
pores. One can only speculate as to the significance of these findings. 

One can calculate the conductance of the membrane on the basis 
of these pore sizes and their spacing. Assuming the length of the pores 
to be 400 A (the axolemma in EMG is usually less than this, which 
would raise conductance calculations) then, even if the conductivity 
of the aqueous contents were as low as 10-4 Q-! em—! (compared 
to 300@-'em-! for sea water), one could get figures for total con- 
ductance which agree well with CoLr’s (1955) measurements. In other 
words the proposed pores could account for the measured conductances 
even if the channels were much longer or if the flow of ions were greatly 
retarded. 

It is unlikely that such pores could be seen in the electron microscope 
although their size is within the resolving power of the instrument. 

The metatropic reaction: GEREN and Scumirr (1954) found that the 
osmiophilic intracytoplasmic layers within the Schwann cell of the 
squid giant fibres satisfactorily accounted for the so-called ‘‘meta- 
tropic reaction”? of invertebrate nerve fibres (GOTHLIN, 1913; BEAR 
and ScumittT, 1937). In polarized light myelinated nerve fibres show 
a radially positive intrinsic sheath birefringence whose sign is unchanged 
after immersion in media of higher refractive index such as glycerol. 
Invertebrate giant fibres show a radially negative birefringence which 
becomes positive on immersion in glycerol. This is the metatropic 
reaction. The explanation depends on the different contributions to 
the birefringence of the lipid and protein components of the various 
types of sheath. The tangentially oriented protein molecules give 
weak negative form birefringence while the radially oriented lipid 
molecules have a strong positive intrinsic birefringence, the optical 
axis being radial for both components. ‘The lipid component strongly 
predominates in heavily myelinated fibres. Immersion in the medium 
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of higher refractive index (glycerol) reduces the negative form bire- 
fringence leaving myelinated fibres still showing radially positive 
intrinsic birefringence but reversing the sign of birefringence of the 
sheath of invertebrate fibres from negative to positive; this provides 
evidence of the presence of radially orientated lipid molecules in the 
sheath. When the metatropic reaction was first observed in squid giant 
fibres by Bear, Scumirt, and YounG (1937) the region responsible for 
the optical effect could not be closely localized by examination of such 
thick (ca. 500 w) fibres with the light microscope. A region or sheath 
was thought to be responsible for the metatropic reaction and to lie 
external to the Schwann cell nuclei which could be seen indenting the 
axon; from the work of Rerztus (1890) these nuclei were known to 
lie internal to the Schwann cells in invertebrate fibres rather than 
external, as is the case in vertebrate myelinated fibres. Bear, SCHMITT, 
and YounG therefore suggested that a “‘metatropic sheath’? composed 
of myelin-like layers exists in squid fibres peripheral to the Schwann 
cells and inside the connective tissue layers. 

With the higher resolution possible with the electron microscope 
this matter has now been cleared up. As pointed out by GeREN and 
Scumitt (1954) the 3-6 double-edged osmiophilic intracytoplasmic 
layers in the squid Schwann cells satisfactorily account for the positive 
birefringence elicited in the metatropic reaction on the assumption 
that the osmiophilic layers are composed of lipid protein layers similar 
to those in the myelin sheath. Various other possible explanations of 
the metatropic reaction on the basis of the structure seen in the 
electron microscope were also considered but were rejected as unlikely. 
Thus it was felt at one time that the amorphous basement membrane 
on the outer surface of the Schwann cell in squid might contribute, 
but such a membrane is absent in lobster fibres which also show the 
metatropic reaction. Another explanation was that the metatropic 
reaction is due at least in part to the osmiophilic layers in the very 
thin fibrocytes found in the connective tissue layers. These and the 
collagen fibres themselves undoubtedly do contribute a_ radially 
negative component to the birefringence but even in squid giant fibres 
which have been freed as thoroughly as possible of connective tissue 


by careful dissection and by treatment with collagen-dissolving 


bacterial proteinase, the metatropic reaction persists and must there 
fore be localized primarily in the Schwann cell layer. The layered 
structures seen in the electron microscope therefore probably constitute 
a WIENER mixed body (alternate layers of lipid and protein) as in the 
more compact myelin sheath (ScHmirr and Bear, 1937). The present 
situation was recently summarized by ROBERTSON (1956b). 

Lobster fibres. In the large fibre of the walking legs of the lobster 
the Schwann cell is usually extremely thin (about 0-1 ~) and the axon 
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surface is highly contorted (GEREN and Scumitt, 1954). The interface 
between axon and Schwann cell is formed by a double-edged membrane 
presumably representing a tight junction of the axolemma and the 
inner surface of the Schwann cell. As observed by GEREN and SCHMITT 
(1954) the inner structure of the Schwann cell of lobster fibres differs 
noticeably from that in squid. Intracytoplasmic dense membranes 
and discontinuities of any kind were seldom observed. Since in these 
fibres the tortuous double-edged membranes passing from Schwann 
cell outer surface to axolemma are rarely present it would be more 
difficult to maintain that ions pass out through aqueous ‘“‘channels”’ 
between osmiophilic layers than it would be for the squid fibre for 
which the hypothesis was put forward by FRANKENHAEUSER and 
HopGKIN (1956). From the electron microscopic evidence it would 
seem possible that, in both types of fibres, ions may traverse 
the Schwann cell in passing from axoplasm to extracellular space. 

The inner surface of the Schwann cell of lobster fibres is very highly 
contorted while the outer surface is relatively smooth. This contorted 
inner surface markedly raises the surface-volume ratio and is suggestive 
either of a high metabolic activity at this surface (cf. PEASE, 1956) or 
of a surface area that has been enlarged in order to facilitate diffusion. 
Particularly intriguing are structures which appear to be invaginated 
into the axoplasm from the inner Schwann cell surface. These invagi- 
nated structures sometimes resemble mitochondria in their internal 
structure and this has led to the speculation that this interfacial 
membrane may in effect be a two-dimensional mitochondrion (GEREN 
and Scumirr, 1954). Needless to say the notion that the mitochondria 
clustered so closely under the axolemma in lobster fibres may have 
derived from the Schwann cell surface is a highly speculative one, but is 
certainly deserving of further study because of the richness of its 
implications for the physiology of nerve. 

Earthworm giant fibres. In two papers concerned primarily with 
synaptic structure comments are made on the surfaces of earthworm 
fibres. Dr RoBertis and Bennett (1955) found that in the neuropile 
of the nerve cord of immature specimens of Heludrilus caliginosus 


(Savigny) one finds unmyelinated fibres of varying size each surrounded 
by a membrane. No Schwann cells were noted, each fibre being in 


close contact with a neighbour. In Lumbricus terrestris, IsstiDORIDES 
(1956) found that the giant axons are sheathed by a layer of osmiophilic 
lamellae which are loosely packed with light staining areas between 
them. She describes the axon covering as being the innermost of these 
lamellae. No mention is made of the presence or absence of Schwann 
nuclei. IsstpORIDEs calls the nerve sheath a “‘myelin sheath’. How- 
ever, the electron micrograph appearances may be more compatible 
with other interpretations. 
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1. 4. Vertebrate unmyelinated fibres. Gassmr (1952, 1955, 1956) has 
studied mammalian C fibres in detail. The Schwann cells, as described 
by NAGEOTTE are syncytial, forming a system of anastomosing ‘‘tubes”’ 
of varying sizes. In the smallest tubes Gasser found only one nerve 
fibre but the larger ones contained several axons. There are fine 
attachments of axon to the sheath which he speaks of as “‘ligaments of 
gossamer fineness, which I have decided to call mesaxons.”’ In this 
system therefore the nerve axons are enfolded by Schwann cell cyto 
plasm. The axon-Schwann cell connecting membranes (mesaxons) are 
not merely strands but are continuous longitudinal membranes. At 
relatively high magnification he noted that the membrane at the 
border of the Schwann sheath is double-edged. It is the inner lamina 
of this membrane which turns inward to form the membrane in which 
the axon lies. In other words the axon is included between the inner 
and outer lamellae of the Schwann membrane. GASSER thus believes 
that these unmedullated fibres do not lie in Schwann cytoplasm; but 
rather between the plasma membrane of the Schwann cell and its 
outer basement membrane. He notes that these pictures of adult 
myelinated fibres are very similar to GEREN’s pictures of the first stage 
of myelination. 

GASSER considers that his morphological studies show that the axon 
lies between the plasma membrane of the Schwann cell and the base 
ment membrane and that it is therefore external to the Schwann cell. 
Apart from the uncertainties associated with the use of the term 
“basement membrane” this interpretation encounters the difficulties 
already enumerated in interpreting the light central space between 
dark lines as an aqueous area in contact with extracellular fluid. 

ROBERTSON (personal communication) has very recently made obser 
vations which bear importantly not only on the axon—Schwann cell 
relationship in frog C fibres but also on the central theme with which 
this review is concerned. The observation is that the limiting mem 
branes of both the axon and the Schwann cell are about 70 A thick and 
consist of two thin dense lines separated by a less dense area. These he 
interprets as representing bimolecular leaflets of lipid bounded by 


monolayers of protein. The light area between the axon and the 
Schwann cell is about 150 A thick; this he considers to contain ex 


tracellular material. 

De Rosertis and BENNETT (1954) have studied the sympathetic 
ganglia of the frog. They found a striking array of globules or vesicles 
within the Schwann cells and most abundantly at the outer Schwann 
cell surface. The vesicles ranged from 510-680 A in diameter. Because 
of an apparent similarity of these vesicles to those seen in capillary 
walls the suggestion was offered that they might represent a mechanism 
for the transportation of material across the Schwann membrane. 
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We shall consider vesicles and their possible interpretation later on in 
the discussion of synaptic structures. 


2. Metabolic aspects 

2. 1. Enzymology of the Schwann cell sheath and axoplasm. In an 
effort to determine whether certain enzymes are preferentially localized 
in the axoplasm or “‘at the surface of the axon” several workers have 
made studies of extruded axoplasm and of the sheath remaining after 
extrusion. Acetylcholine esterase (BOELL and NACHMANSOHN, 1940) 
and ATP-ase (LipeT, 1948) were found to be present in much higher 
concentrations in the sheath than in axoplasm while the reverse 
distribution was characteristic of cytochrome oxidase and pyruvic 
dehydrogenase (NACHMANSOHN, STEINBACH, MACHADO, and SPIEGEL- 
MAN, 1943). However, as was pointed out above, such evidence by no 
means localizes the enzymes to the surface layer of the axon (axolemma) 
but rather to the entire sheath which, besides the connective tissue, 
includes the Schwann cells and fibrocytes as well as the axolemma, if 
that was not extruded with the axoplasm. 

Recently a more comprehensive study was made of the enzymes 


present in extruded squid axoplasm and in the remaining sheaths 
(Lowry ef al., unpublished). The data are summarized in Table 7. 
It should be noted that the values for enzyme activities are expressed 
per unit of total protein soluble in 0-5N NaOH. Since collagen makes 


up some two-thirds of the total protein of the sheath the values of 
enzyme activities in the sheath should be multiplied by a factor close 
to three to make them comparable to axoplasmic values. It should 
also be noted that for these experiments the axoplasm was extruded 
mechanically in the usual manner rather than by slitting, as will be 
described below. It is hoped that the experiments can soon be repeated 
using the slitting method to reduce trauma to the sheath; such 
trauma doubtless reduces the possibility of revealing differences of 
enzyme pattern between the sheath cells and axoplasm. 

It is perhaps surprising how closely similar are the enzyme patterns 
of rabbit brain and squid axoplasm and sheath. An exception was 
glutamic dehydrogenase which was very low both in the sheath and 
in axoplasm, less than 5 per cent of that in rabbit brain. If further 
experiments confirm the high values of isocitric dehydrogenase in the 
sheath as compared with axoplasm, the conclusion may be justified 
that the citric acid cycle occurs in the sheath cells but not in the 
axoplasm. 

It is hoped that these studies of the enzymology of the Schwann 
cell layer and axoplasm may be extended when the fibres of the large 
South American squid become available. 

2. 2. Gaseous metabolism of the Schwann cell sheath. The squid giant 
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fibre is favourable for the study of the metabolism of the sheath cells. 
In the past the axoplasm has usually been extruded from the cut ends 
of fibres by mechanical means. However much less trauma to the 
sheath is imposed by slitting it rather than by extrusion of axoplasm 
from it. After careful removal from the giant fibre of connective 
tissue and small nerve fibres, the tip of very fine scissors is inserted 
into the lumen of the axon and the sheath is slit longitudinally. By 
gentle washing the axoplasm is fairly completely removed. 

Dr. Rose CoELHO and co-workers (unpublished) in this laboratory 
have made careful measurements of respiration rates of sheaths and 
axons by the microvolumetric method of SCHOLANDER et al. (1952). In 
each vessel were placed three or four intact giant fibres or six sheaths, 
prepared as described above. Temperature was kept at 15°C. For the 
first fifteen or twenty minutes the slit sheaths respired very rapidly, 
probably due to the trauma of preparation, but following this period 
respiration proceeded at a constant rate for the duration of the experi 
ments (two hours or more). At the completion of the respiration 
experiments the sheaths showed high K and low Na content, suggesting 
an intracellular pattern which had retained its integrity during the 
experiment. 

Intact fibres respired at a rate averaging 2-7 mm®QO,/mg_ protein 
hr (equals about 112 mm%O,/g wet weight/hr). The equivalent 
figures for the sheath were 4-4 mm*O,/mg non-collagen protein/hr 
or about 200 mm*QO,/g wet weight/hr. The averages obtained in a 
small number of experiments using the Warburg apparatus checked 
those obtained with the Scholander method. It is obviously possible 
to make only the roughest estimate of the partial volume and weight 


represented by the non-collagenous cellular components of the sheath 


as compared with the axoplasm or the intact fibre. 

These experiments are of course only preliminary but their interest 
is considerable. It is striking both from the technical as well as the 
physiological point of view that, despite the highly abnormal conditions 
to which the slit sheaths were subjected, they nevertheless respired 
linearly with time for hours and at a rate significantly higher than that 
of the intact fibres (calculated on the basis of collagen-free protein 
content). They also maintained their typically cellular pattern of K 
and Na. It is of course impossible to assess the metabolic rate of these 
cells under normal conditions im vivo and especially during active 
functioning of the fibre. However, the above-mentioned facts strongly 
support the expectation that, with further refinement of technique 
and using the large fibres obtainable from South American squid, such 
experiments may provide valuable information on the relationship 
between the chemical activity of the Schwann cells and the electrical 
and metabolic properties of nerve fibres as a whole. 
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V. RELATIONS BETWEEN THE SURFACES OF EXCITABLE TISSUES 
Up to this point we have considered the axon surface itself as it looks 
inward to the axoplasm and outward to the Schwann cells over the 
length of the fibre. Between the axon hillock and the nerve endings, 
except for branchings and consequent changes in size, the fibre is 
probably of essentially the same basic structure. But as the endings 
are approached, the situation presents new complexities. Neuro 
humoral transmitters are thought to be synthesized in this region. Lest 


brief tetani rapidly run the fibre to exhaustion by outrunning the rate 
of resynthesis of these neurohumors, methods of storage must be 
provided which, however, must still be compatible with efficient 
release under the influence of impulses reaching the ending. The 
released neurohumors must be transported across the nerve endings. 


; 


Finally the geometry of the relations of » cell to its neighbours 
assumes great importance since the transmitter substances must reach 
the post-synaptic structure rapidly enough, in high enough concentra 
tion, and over a large enough area to stimulate. Of course a mechanism 
must be provided at the junction to remove excess transmitter 
substance. 

All these problems have given junctional transmission and the 
correlation between structure and function great physiological interest. 
Many types of junction have been subjected to morphological scrutiny. 
Despite the great variety of post-synaptic structures involved, ranging 
all the way from muscle to electric organs, the structure on the pre- 
synaptic side has properties that are remarkably similar. 

Although definite correlations cannot always be made, the structural 
information is frequently very illuminating. Because of the functional 
unity of these areas we shall consider junctional axoplasm as well as 
relations between the pre- and post-synaptic surfaces. The axoplasm 
at endings contains large numbers of particulates, including a new 


feature, the pre-synaptic vesicle. The relations of the pre- and post- 


synaptic membranes are of central interest. Near the synapse the fibre 


loses its Schwann cell covering, as was already noted by the Spanish 
anatomical school. However, though bare of its Schwann cell, the 
fibre is still not naked to the extra-cellular space. We will see that the 
claim of HorrEGA, supported by Dr Castro (1946), that where the 
fibre loses its Schwann sheath it is then covered by other satellite cells, 
is not supported by recent evidence, at least for peripheral nerve. 
One of the main problems which arises is whether there is indeed a separa- 
tion between the pre- and post-synaptic cell surfaces or whether they are not 
actually in molecular contact. This problem can be solved not only by 
the making of better electron micrographs but equally importantly by 
learning to interpret them at the molecular level. 
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1. Pre-synaptic axoplasmic particulates 
The internal environment of the cell surface, i.e. the axoplasm, changes 
markedly near the endings. Little is known about changes in the mole- 
cular fractions, but striking changes are evident in the particulates. 
Over most of the length of the axon these are sparse in number but in 
the pre-synaptic axoplasm we find very large numbers, comprising 
mitochondria and pre-synaptic “‘vesicles’’. We have already discussed 
the morphological and metabolic characteristics of axonal mito- 
chondria, so that we shall here discuss only their distribution within 
endings. 

PaLAY (1956) notes that, even in the earliest light microscope studies, 
the remarkable concentration of mitochondria in the end feet was seen. 
Aside from its functional implications this fact is of aid in locating 


synapses in the electron-microscope and in distinguishing pre- from 


post-synaptic structures because in the latter this remarkable con 
centration of mitochondria is absent. In his study of synapses in the 
abducens nucleus of the rat PaLay finds that areas in the nerve terminal 
contain up to four times as many mitochondria as do comparable areas 
in the dendrites. End-feet terminating on cell bodies show similar 
concentrations of mitochondria. 

ROBERTSON (1956a) comments on the large numbers of typical 
mitochondria in terminal axoplasm of reptilian neuro-muscular 
junctions varying from 0-25 to 0-5 uw in diameter and up to | uw or more 
in length. 

The vesicular components have received greater attention because 
of their status as a new type of part iculate and because of their possible 
physiological implications. These have now been described by many 
workers and in fact they seem to be present in nearly every type of 
synapse so far studied. We will not consider the many preliminary 
reports of these vesicles but will discuss only the later publications in 
which they have been considered in detail. The order of presentation 
will therefore in no way reflect the publication priority of any author. 

Dr Ropertis and Bennett (1955) described the vesicles in frog 
and earthworm synapses. In the terminal axoplasm of frog fibres they 
found numerous vesicles, 100-300 A in diameter, most dense near the 
stalk of the end-foot. Few, if any, were found post-synaptically. In 
the earthworm similar vesicles, 200-400 A in diameter, were found, 
many with a dense periphery and a lighter centre. The vesicles are 
sometimes orientated normal to the synaptic surface and some even 
appear to occupy gaps in this surface, which these authors suggest 
may indicate movement of the vesicles through the membrane. They 
reported finding occasional structures of similar sort between the pre- 
and post-synaptic surfaces. 
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RoBERTSON (1955b) found numerous small vesicular bodies 750 
1000 A in diameter on the post-synaptic side of crayfish synapses. 
This location is not duplicated in other studies. On the other hand in 
his study of reptilian myoneural junctions RoBeRTSON (1956a) found 
in terminal axoplasm large numbers of often closely packed bodies 
300-500 A in diameter usually oval or round, with centres less dense 
than peripheries. 

In his study of synapses in the central nervous system of the rat, 
PALAY (1956) describes, in terminal axoplasm, collections of minute 
circular profiles 200-650 A in diameter, each profile being formed by 
a dark circular line 50-70 A thick, delimiting a space containing 
homogeneous material slightly denser than the surrounding cytoplasmic 
matrix. The outline of the profiles remained circular regardless of the 
plane of the section suggesting that they probably represent mem 
branous spheres or vesicles. PALAy also describes long tubular 
membranous ‘elements of the endoplasmic reticulum” as_ being 
present occasionally in pre-synaptic axoplasm though in profusion 
distal to the synapse. Lurr (1956) noted vesicles about 350 A in 
diameter in terminal axoplasm of the nerves to electric organs. 

Dre Ropertis (1956) has shown that the synaptic vesicles undergo 
early and rapid degeneration after destruction of the afferent neuron 
in the ventral acoustic ganglion. Dr Ropertis and FRANCHTI (1956) 
described such vesicles in the retinal rod synapses of albino rabbits. 
Here vesicles similar to those described above were found, having a 
mean long diameter of 386 A. After the rabbits were kept for nine 
days in darkness the vesicles decreased in size, now having a mean 
diameter of 195 A. 

Most of the speculations of the above authors on the significance of 
these vesicular structures have revolved around the attempt to 
correlate their concentration at the nerve terminals with the production 
of neurohumors in this portion of the fibre. The evidence presented in 
many studies by DEL CasTILLO and Katz (1956) that acetylcholine 
appears to be released from nerve endings in quanta has given particular 


emphasis to the attempt to identify such vesicles as small packets of 


transmitter substances. BENNETT (1941) had found that in the adrenal 
medulla (embryologically a nervous tissue) the droplets giving the 
chromaffin reaction were adrenalin-containing and that their number 
diminished on release of adrenaline into the blood stream. More 
recently von EvuLerR and Hi“iarpe (1956) have shown that, in 
adrenergic nerves of the ox, adrenaline is contained in submicroscopic 
granules while histamine, which is present in large quantities in the 
same nerves, does not sediment on centrifugation. 

BENNETT (1956) has speculated that processes whereby materials 
are moved in such vesicles through cell walls may well be more common 
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in the cells of the higher animals than has heretofore been realized. 
Further experimentation on these vesicles should prove of great interest 
in unravelling some of the problems of the physiology of junctional 


transmission. 


2. Disposition of surface membranes at junctional surfaces 

This problem presents great complexities because the structural 
relations of the membrane alter over distances rather great at the 
microscopic level. ‘Therefore this problem can be sketched only in a 
tentative fashion at this time. 

EstaBLE, Rerssia, and Dr RoBeErtis (1954) studied synapses in the 
ventral ganglion of the acoustic nerve of dogs and cats. They state 
that here the pre- and post-synaptic cell membranes come into contact 
shortly before the ending. At the ending itself the membrane separating 
pre- and post-synaptic protoplasm is between 2000 A and 330 A in 
thickness. The thinner ones show a double-edged appearance probably 
indicating contact between pre- and post-synaptic membranes. In 
this synapse the post-synaptic neurons were covered by the _ pre- 
synaptic endings. Dr Rosertis and Bennett (1955) found in frog 


sympathetic ganglia that the Schwann cell covering and the synaptic 


end-foot occupied a depression in the post-synaptic cell. The Schwann 
covering did not extend over the enlarged end of the pre-synaptic fibre, 
which terminates in close contact with the post-synaptic nerve cell. 
Synaptic membranes were 200 A thick. In the earthworm neuropil 
they noted no Schwann cells, each fibre being in close contact with a 
neighbour. In this preparation they found a post-synaptic neuron 
invaginating the pre-synaptic element. In two synapses in this pre- 
paration they describe a space between the two membranes about 
130 A wide. 

Dr Ropertis and FRaNncuI (1956) have studied retinal rod synapses 
confirming some of SJOSTRAND’s earlier observations on this system. 
This is a structurally very complex synapse. Processes from the 
bipolar cells (distal) penetrate into the terminal spherule of the rod 
cell. The spherule is surrounded by a double membrane with edges 
50-60 A thick and a centre of lower density of 100 A width. They 
suggest that the internal membrane belongs to the rod cell while the 
outer belongs to glial elements. They find in support of this view that 
the outer membrane may detach itself from one terminal and travel 
to another, thus delimiting the glial cytoplasm. The synaptic membrane 
is also double edged, one surface being contributed by each cell (this 
description of course implies that the rod cell has lost its earlier outer 
membrane, contributed by the glial cell). The space between the dense 
lines varies from 80 to 200 A. It is of interest in passing to note that, 
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although this synapse has many vesicles, mitochondria are absent 
from the terminals. 

XOBERTSON (1953, 1955b) has studied the polarized synapses of 
crayfish and squid. Here the fibres lie side by side, with their sheaths 
in apposition. Processes of axoplasm of the post-synaptic fibre 15 yu in 
diameter penetrate through the combined sheaths of the two fibres 
and enter the Schwann cytoplasm overlying the presynaptic fibre. 
They turn at right angles and run parallel to the course of the two fibres. 
Here the axolemmal membranes of the two fibres become closely 


apposed, sometimes fusing to form a single membrane of double 


thickness (600 A), though separated from one another by as much as 


several hundred Angstrom units in other areas; this may be the 
result of trauma. In later studies on the crayfish ROBERTSON (1956a) 


found that the double-edged axon-Schwann membrane of the pre 


synaptic fibre fuses with the axon-Schwann membrane of the post- 
synaptic fibre, to form a double-edged membrane whose surfaces are 
continuations of the axolemmas of the two fibres. The Schwann 
cytoplasm around each neuron fuses with that around the other so that 
the synaptic processes are always surrounded by Schwann cytoplasm. 

ROBERTSON (1956a) has more recently studied neuromuscular june 
tions of lizards. Just before the junction the motor fibres seem to 
branch and lose their myelin sheaths but retain their Schwann sheaths. 
At the junction the fibres partially lose their Schwann covering. 
However it is probable that they do not become exposed directly to 
the general extracellular space because, where they are so divested of 
Schwann cytoplasm, they become covered by plunging into troughs 
in the surface of the muscle. The surface of the muscle membrane in 
the synaptic troughs is thrown into deep folds. Within the troughs the 
membrane separating axoplasm from sarcoplasm has five layers: (1) 
a very dense zone less than 100 A thick next to axoplasm; (2) a light 
zone 100-200 A thick: (3) a dense zone 200 A thick: (4) another light 
zone 100-200 A thick; (5) a very dense zone less than 100 A thick next 
to sarcoplasm. ‘Total thickness is 500-700 A. ROBERTSON suggests 
that this complex membrane is the result of fusion of the surface 
double membranes of the axon and the muscle. The third layer (the 
middle dense zone) is seen only in the best sections but in these it 
stands out clearly. This middle zone which represents the line of 
fusion of the outer dense lines of the two cell surfaces does not dip 
into the junctional folds but bridges over them. 

PaLAy (1956) has discussed synapses in the rat central nervous 
system. He notes that, as predicted from light microscope studies, the 
endings are free of myelin. Between the pre- and post-synaptic 
elements he found a membrane which followed faithfully the surface 
of the dendrite but which was clearly separated from it by a space 
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about 200 A wide; at no point did the limiting membranes of the ending 
and the dendrite fuse. He states that this intrasynaptic space is 
continuous with the interstitial space between neighbouring cellular 
processes. Occasional glial processes or portions of another ending are 
interposed between the two surfaces for a short distance. At irregular 
intervals the two membranes display roughened thickenings and 
increased densities. The synaptic vesicles frequently cluster against 
the membrane at these sites and in favourably orientated sections they 
occasionally can be seen to open into the intrasynaptic space. Dr 
RoBERTIS and his co-workers have described similar areas. 

In his description of electric organs Lurt (1956) states that Schwann 
cell cytoplasm covers the nerve endings except at the junction of the 
latter with the electroplaque. These junctions are at shallow indenta- 
tions in the surface of the electroplaque. He describes the membranes 
of the two surfaces as separated by a space about 500 A wide. Iss1 
DORIDES (1956) reports on the synapses of giant fibres of the earthworm, 
structures of interest because of their gross differences from those seen 
in higher animals. They consist of septa which are oblique partitions 
thrust across the giant axons. If a fibre is sectioned degeneration does 
not extend beyond these septa. In electron microscopy the septa are 
seen to consist of many lamellae arising from the sheath of the axon. 
In smaller fibres where the axon surface has only one lamella the septum 
consists of only two lameilae running parallel to each other, each one 
representing the turning inward of an axon surface. It is interesting 
that these axon-axonal synapses are unpolarized and that they show 
very little synaptic delay. They are probably quite different func- 
tionally from the other junctions we have discussed. 

Wyckorr and Youna (1956), in their study of sections of central 
nervous system, conclude that nearly all the material between nerve 
fibres is glial because of the presence of mitochondria, except at 
synaptic surfaces where they see no evidence of interposed glial 
material. 

This survey of synaptic ultrastructure raises several interesting 
questions. RoBrERTSON, who has studied carefully the relationship 
between the Schwann cell and the junction advanced evidence that the 
fibre is nowhere exposed to the extracellular space at large. As it 
approaches a junction it loses successively myelin sheath and eventually 
Schwann sheath but loss of the latter occurs only where the axon dives 
into recesses in the opposite junctional surface to be covered by its 
membranes; the fibre does not become bare. In Cambarus it appears as 
if the whole junction continues to be covered by a syncytial layer of 
Schwann cells. 

The nature of the surfaces of fusion at junctions raises another 


problem: is there or is there not a space between the two surfaces ? 
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It is clear that in no case do the cytoplasms of the two cells approach 
more closely than a few hundred Angstrom units but whether the two 
opposing cell surfaces fuse to form a single synaptic membrane or 
remain separated is not clear. Here again is encountered the problem 
of the structural interpretation of relatively lightly or darkly staining 
areas in electron micrographs. ROBERTSON’s study of the lizard 
neuromuscular junction seems to give a fairly clear answer. The 
presence of a third dense line in the centre of the space suggests that in 
fact we do have a fusion of the two opposing membranes, but this is 
seen only inconstantly and only at the areas manifesting highest 
resolution. Such a dense line is not reported by the other workers 
mentioned above but, since its presence or absence depends so critically 
on technical factors such as resolution and plane of the section, as we 
have noted earlier, only further studies will determine whether such a 
fusion of membranes is a constant phenomenon in all junctions. 

The fact that such a fusion can occur at any time is of great physio 
logical interest. The conventional view has been that at the synapse 
the two surfaces, though close, still are separated by a narrow space 
into which the transmitter can be discharged. The absence of such a 
space would necessitate a revision of some of the concepts of the mode 


of transmitter action. 


VI. AXxoN-SATELLITE CELL RELATIONSHIP: 
THe PROBLEM FocvusepD 

In concluding this review we shall attempt to indicate the impact of 
the facts discussed above upon certain basic concepts of neurophysio 

logy. In doing so it will be convenient to consider the structural 
problem at progressively higher resolutions, beginning with light 
microscopy and polarization optics, proceeding through electron 
microscopy, to the region of molecular and submolecular dimensions 
where X-ray diffraction evidence is pertinent (Fig. 3). Although there 
are still many lacunae in our knowledge of the structure of nerve fibres 
at the light and electron microscope levels, the data seem fairly firm 
with respect to the relationship of axons to their satellite (Schwann) 
cell investment. At the molecular level the situation is less clear; 
here the facts must be interpreted with the aid of the available back 

ground of biochemical, biophysical, and physical chemical knowledge. 
In the study of nerve, as in other fields, the morphological purist runs 
the danger of believing too strongly in the significance of anatomical 
minutiae seen in fixed and stained preparations while the physiologist 
all too frequently interprets his experimental results in terms of entities, 
invented by him or by his biophysical colleagues, to simplify the 


analytical process, but which may have no actual counterpart in 
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anatomy, gross, microscopic or molecular. In this section we shall 
attempt to focus the problem which recently discovered facts appear 
to pose and to consider it with respect to current concepts of 
neurophysiology. 


1. The concept of myelination 

Neurological terminology is entangled, even in some of its most basic 
aspects, with early misconceptions. Among the fertile sources of 
confusion are the terms myelin, myelinated and unmyelinated (or 
medullated and unmedullated). Because the white matter (“‘“Nerven- 
mark”’ or “nerve marrow’’) was discovered to be located centrally in 
the brain the term was also applied to the white substance of the 
spinal cord and to the myelin or ““Markscheide”’ of nerve fibres although 
in the latter the substance responsible for the characteristic glistening 
appearance of the lipid-rich myelin was obviously anatomically 
cortical rather than medullary. The discovery by VircHow (1854) 
of myelin forms, now known to be smectic mesomorphic tubular 
forms, which flow out of macerated tissue including medullated nerves, 
emphasized the lipid nature of these substances and gave a chemical 
connotation to the term myelin (ScumipT, 1937). A myelinated fibre 
thus became one whose axon is surrounded by a layer of such lipids. 
The presence of nodes of Ranvier and of Schmidt-Lanterman in- 
cisures became characteristics which further distinguished ‘‘myeli- 
nated” from “‘unmyelinated” fibres. This distinction was thought to 
occur at fibre diameters of about 2 uw (see DuNCAN, 1934) although this 
size boundary was not a sharp one. Certain autonomic (Remak) and 


sensory (C) fibres, as well as most invertebrate fibres, were considered 


to be unmyelinated. This point of view is adopted in most current 
textbooks of histology and physiology today. 

In a paper of classical importance GOTHLIN (1913) classified nerves 
according to their properties in polarized light. He employed the 
terms myelotropic, metatropic, proteotropic, atropic, and heterotropic 
depending upon the contributions of the lipid and protein constituents 
to sheath birefringence. BEAR and ScumirtT (1937) by a new interpre- 
tation of GOTHLIN’s metatropic effect, demonstrated that the same 
general type of lipid-protein ultrastructure that characterizes the 
myelin sheath of vertebrate fibres exists in the sheaths of many 
invertebrate fibres. The chief difference between the two types lies in 
the relative amount of orientated lipid present; the ratio of lipid to 
protein in invertebrate fibres was lower than in frankly myelinated 
vertebrate fibres. Scumirr and Berar (1937) pointed out that the 
transition from myelinated to unmyelinated fibres, as judged by their 
properties in polarized light, is gradual and continuous rather than 
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abrupt and clearcut, as is generally assumed. They also proposed that 
a basic similarity of molecular organization exists in the sheaths of all 
fibres, vertebrate or invertebrate, myelinated or unmyelinated (SCHMITT 
and Brar, 1939). 

These findings created a difficulty since they made the word “‘myeli 
nated” ambiguous. If one accepted the definition of myelin as 
“possessing a lipid-containing sheath” then all fibres were now shown 
to be in some degree myelinated; if on the contrary one took myeli 
nated as ‘possessing a sheath interrupted by nodes of Ranvier’ then 
clearly some fibres were unmyelinated. This difficulty still persists in 
the use of this term and care should be exercised that the two meanings 
of the word myelinated are not confused. 

The discovery that the myelin sheath (of fibres possessing nodes of 
RANVIER) is in fact a series of Schwann cell membranes wrapped 
spirally about the axon still further breaks down the notion that 
myelinated fibres are in some sense different. The lobster fibre is covered 
by a single layer of very thin Schwann cells; the squid giant fibre is 
covered by a single layer of thin Schwann cells containing intracyto 
plasmic lipid-protein membranes (Fig. 3); the larger vertebrate fibre is 
also covered by a single layer of Schwann cells which surround the axon 
to form a layer composed of many membranes. Myelin is thus no 
longer unique: it is simply a special differentiation of the Schwann 
cell. We perhaps may summarize by saying that whether or not all 
fibres are myelinated depends on one’s definition of myelination; but 
regardless of one’s definition all nerve fibre S are probably surrounded by 
satellite cells. We have tried to emphasize in this review the significance 
of this fact. 

The axon is the longest process of any cell type in the body. It is 


improbable that a structure so far removed from the cell body, and 


therefore from the major metabolic apparatus of the neuron, would 
be stable were it not for the presence of Schwann cells along its length. 
It is perhaps even possible that the evolutionary advance to highly 
co-ordinated multicellular organisms depended upon the development 
of satellite cells about their nerve fibres, permitting stable communica 
tion lines to be carried to the farthest reaches of the animal body. 

In addition to providing this maintenance function the Schwann cell 
has long been known to be essential for the process of nerve regeneration 
(Youne, 1942). The versatility of these cells is further shown by their 
ability to form not merely simple sheet-like or multi-layered membranes 
but also by their ability to form more highly patterned structures, i.e. 
nodes and internodes. Their metabolic activity is also significant. We 
would like to suggest here that the full range of their functions has not 
yet been explored. To what extent they may participate in ion 
pumping, in the control of permeability and in impulse propagation 
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depends not only on properties intrinsic to the axon and satellite cells 


but also on the manner in which satellite cells are interposed between 
axon and environment, as will now be considered in more detail. 


2. Sate of interaction between neuronal and extraneuronal phases 
If all axons are everywhere enclosed by satellite cells which, as in the 
ease of those around squid axons, have a typically intracellular ion 
pattern of high K and low Na, the question arises whether the outer 
surface of the axolemma is anywhere in contact with a characteristically 
extracellular type of ionic environment. The importance of obtaining 
a correct answer to this question is obvious because polarization 
potentials and their alterations with activity are supposed by most to 
arise from the gradients of activities of K and Na at the boundary 
between the axon surface membrane (‘‘excitable’” membrane) and the 
extracellular environment. 

In squid and lobster fibres the junction between axolemma and the 
surface membrance of the satellite cell is a typical osmiophilic double 
edged structure.* We have already discussed the possible significance of 
such structures and have noted that several interpretations of them are 
possible. It is not yet possible definitively to choose among the alter 
natives, each one of which has widely different physiological implica 
tions. The chief reason for our inability to choose the correct alterna 
tive is the uncertainty about the degree to which the appearances in 
electron micrographs of thin tissue sections (which include aberrations 
produced by fixation, embedding, sectioning and electron microscopy) 
reflect the situation obtaining in the fresh specimen. The complexity of 
the analysis of such artifacts is indicated, among other papers, by the 
recent work of Baur, BLoom, and FRIBERG (1957) who studied the 
swelling and shrinking effect of fixation, dehydration and embedding 
on tissue blocks in bulk but who also realize that such changes ‘‘con- 
side rably affect the on iginal geometry of the tissue constituents.’ It is too 
early to attempt a detailed analysis of the physical and chemical basis 
of these changes but it is clear that the final interpretation of the 
double-edged structures will have a major influence on physiological 
thought not only concerning nerve but about cells and tissues generally. 

In order to illustrate this point let us follow up the implications of one 
set of these alternatives. Let us assume that the central light area is 
composed of lipids staining poorly with OsO,. Taking into account the 
similarity of this structure to the myelin sheath, one would conclude 

* These double-edged structures may prove to be even more complex when re 
examined with more refined techniques; the dense single lines may themselves be 
resolved into dense double-edged membranes just as ROBERTSON has found to be the 
case in frog C fibres. Such revisions of the structure would affect importantly any 
conclusions about these systems. 
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(on the basis of X-ray diffraction data on fresh unfixed myelin sheath) 
that at most 25-30 A of water are included in the double membrane 


complex, distributed at the two polar interfaces, so that no aqueous 
layer could exceed 15 A. This would be nearly 20 times smaller than the 


giant fibre 

showing thin Scl 
Emphasizes relative 

less than one 

nuclei (hence lls 

B) Enlarged portion 

highly enlarged portion 
and axolemma. Magnificatio 
structure in life of the 
including an intracytopla 
thin sections showing surfact 
shown) probably thinner than 
thicker layer of water 


strom units thick, betwe 


size calculated to be necessary for A diffusion by kK RANKENHAEUSER 
and Hop@kin. These 15 A ‘‘water channels’ would probably have 
rather interesting properties. Only half a dozen water molecules could 
fit across such a channel. Large fixed charges would be present even in 
the centre of it. Even the ionic composition of such a phase would 
be a problem and would probably be different from that of the general 
extracellular phase. If the Na permeability changes occurred at the 
interface between such a space and the axolemma then the inflow of 
sodium would probably be limited by the fall in its concentration in 
this volume and another action potential could not be produced until 
enough Na had diffused in from the general extracellular space to re 
establish the driving forces for this ion. 

Another alternative explanation would be to assume that the bond- 


ing between Schwann cells and axon is very strong and that contact 
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with extracellular phase occurs primarily at the boundary of the 
Schwann cell rather than at the axolemma. In this case there would be 
little polarization across the Schwann cell-axon surface because the ion 
pattern in the two is essentially similar (Fig. 4). In their passage from 
extracellular phase into axoplasm and in the reverse direction ions 
would have to diffuse through the Schwann or satellite cells which 


would, like certain epithelial cells in the kidney and other organs, 


Ne 





. 4. For explanation se 


cause active transfer of ions against an activity gradient (pumping). 
Unfortunately it has been impossible thus far to find a preparation in 
which a micro-electrode could be inserted into the Schwann cell and 
thus to measure the potentials across each of the effective boundaries. 

If the above point of view were correct an even more difficult problem 
would arise at junctional interfaces because there three media of in- 
tracellular ion pattern face each other: satellite cells, axoplasm and end 
organ cells. If these surfaces are in apposition with no extracellular space 
between them it is difficult to invisage the immediate source of Na ions 
which enter the post-junctional cell. This problem is not simplified by 
the fact that the nerve terminal is often surrounded by the cytoplasm of 
the post-junctional cell. Merely to assume without further proof that 
an aqueous layer of substantial thickness is present in life is not 
justified. 

Careful study of the relationships of satellite cells has thus brought 
up new problems not only for the anatomist but for the physiologist 
as well. Only further research can fully clarify these questions. 

If a 150-200 A space between membranes actually exists in life the 
possibility must still be considered that this differs from true extracel- 
lular space because of dynamic interchange of solutes between the 
protoplasms of the apposed cells. 
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THE BIOSYNTHESIS OF SOME CONNECTIVE 
TISSUE COMPONENTS 


R. H. Smith 


[. INTRODUCTION 

TuHE histologist distinguishes three principal intercellular components 
of connective tissue: the white or collagenous fibres, the yellow or 
elastic fibres and the amorphous ground substance. Chemically and 
physically the collagenous fibres have been well characterized; they 
are known to consist predominantly but not entirely of a protein of 
high glycine, proline, and hydroxyproline content and to show a charac- 
teristic high-angle X-ray pattern and characteristic banding in the 
electron microscope. The elastic fibres have been rather less adequately 
characterized; they occur in association with collagenous fibres which 
must be separated before chemical or physical studies are made. 
Chemically the elastic fibres consist predominantly of elastin, a protein 
with an amino-acid composition which differs in many respects from 
collagen (‘Table 1) and is most characteristically distinguished from it 
by a low hydroxyproline content (approx. 1-5 per cent). 

The immediate milieu of these fibrous components is an amorphous 
matrix, the so-called ground substance. This term has been used by 
some authors to imply a uniform chemical substance: thus on the 
basis of histochemical studies GERSH and CATCHPOLE (1949) wrote: 

. . The ground substance consists of polymerized glycoprotein. It 
is uniformly distributed between the cells and fibrous structures in the 
connective tissue stroma.” DorrMAN (1955) has more recently 


proposed “‘that the term ground substance be reserved for the amor- 


phous continuum separating the cells, fibres and vessels of connective 
tissue. This solution is made up of a variety of components, some of 
which may be regarded as peculiar to the connective tissue whilst 
others may be regarded as in transit between the circulation and the 
parenchymal cells.” Components peculiar to the connective tissue 
include the acid mucopolysaccharides, six of which have now been 
demonstrated in connective tissue (MEYER, 1954): hyaluronic acid, 
chondroitin sulphuric acid (CSA)a, CSAb, CSAc, chondroitin and 
keratosulphate. The protein components of ground substance include 
collagen fibre precursors (ScHMITT ef al., 1953) and a protein bound 
to mucopolysaccharide which is richer in tyrosine than collagen. 

The cellular components of connective tissue commonly include 
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fibroblasts, undifferentiated cells, histiocytes, lymphoid wandering 
cells and mast cells. It is now generally accepted that the intercellular 
elements of connective tissue arise through the metabolic activity of 
the fibroblasts and possibly also the mast cells. 

In this review an attempt will be made to summarize present ideas 
concerning the formation of the fibrous and amorphous components 
of connective tissue and in so doing to discuss possible relationships 


between these components. 


Il. CHEMICAL COMPONENTS OF COLLAGEN FIBRES 
Before considering possible biosynthetic mechanisms it is convenient 
to outline some present ideas concerning the structure of collagen. 


1. Collagen fibre bundles 
These are the collagen units commonly observed with the light micro- 
scope; they appear as straight or wavy threads or ribbons of varying 
thickness. When dissected under the microscope these fibre bundles 
can be resolved into non-branching fibrils of constant diameter of 
0-3-0-5 A. These can be further split into micro-fibrils which are not 
resolved by the light microscope. 

Collagen fibres swell when placed in dilute acids and appear to be 


enclosed in an elastic membrane which sometimes shrinks to form a 


cylindrical cuff. It is generally believed that the fibrils are held 


together by a cementing substance which, at the surface of the fibre 


bundle, may form the membrane. 


y. Sub-microscopic structure of collage n fibrils 
When examined with the electron microscope, suitably dissected 
collagen fibrils from adult tissue show the well-known banding with a 
periodicity of 640 A. Shorter periodicities of 220 A and 70 A have been 
observed in the banding of fibrils from embryonic and adult tissues. 
Studies of the X-ray scattering by collagen fibres have led several 
groups to propose helical arrangements for the polypeptide chains of 
collagen. Thus RAMACHANDRAN and Karrua (1955) and subsequently 
Cowan, McGavriyn and Norra (1955) and Ricu and Crick (1955) have 
suggested structures with three polypeptide chains each having 
approximately a 3-fold screw axis. These structures are maintained 
by hydrogen bonds which unite residues on about the same axial level. 


3. Physico-chemical studies of soluble collagens 

Since 1900 it has been recognized that a considerable fraction of collagen 
fibres may be dissolved by dilute solutions of acids. NAGEoTTE (1927) 
extended this work and showed that on the addition of salt to an acid 
solution of rat tendon a fibrous precipitate formed which showed the 
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staining properties of mature collagen. Fibres thus reconstituted were 
subsequently shown to resemble native collagen fibres with respect both 
to X-ray diffraction patterns (BEAR, 1942) and to 640 A periodicity of 
banding in the electron microscope (ScuMitt et al., 1942). 

OREKHOVITCH ef al. (1948) obtained a precipitate of needle-like 
fibrils on dialysing a citrate extract of skin against phosphate buffer. 
This protein, which showed 640 A banding in the electron microscope, 
was considered by the authors to be a biological precursor of collagen 
and was termed procollagen. Molecular weights of about 70,000 were 
reported for this material by BRESLER ef al. (1950) using sedimentation 
and diffusion methods. Pure solutions of carp swim-bladder were 
prepared by GaLLop (1955) using the method of OREKHOVITCH. 
Molecular weights of 1 to 2 x 10° were obtained for this material by 
sedimentation, viscosity, and light scattering studies. However, when 
this fish collagen was heated in solution to 40°C it underwent an irrever- 
sible change to give the so-called ‘“‘parent gelatin’’ of molecular weight 
70,000. 

Evidence for the occurrence of a fundamental unit of collagen in 
solution was obtained by Scumirr, Gross, and HIGHBERGER (1954, 
1955). By precipitation with glycoprotein and ATP, they obtained two 
morphologically distinct structures, fibrils showing banding with a 
periodicity of 1800-2300 A and segments with a total length of 1500 
3000 A which were interconvertible with the native-type fibrils with 
640 A banding. This led to the postulate of a common building unit, 
“tropocollagen,”’ of size 1800-2300 A. 

Light-scattering studies by BoEDTKER and Dory (1956) with citrate 
solutions of carp swim-bladder, prepared according to GALLOP, gave 
molecular weights of about 350,000 whilst the “parent gelatin” obtained 
on heating the solution to 40°C gave a value of 138,000 + 8000; the 
ratio of these molecular weights is 2-5 + 0-15. The hydrated diameter 
of the particle in solution was 13-6 A and its length 3000 A. These 
measurements are interpreted as being consistent with the idea that 
the collagen molecule is composed of three chains which are of unequal 
length or of different chemical constitution. 

In addition to these acid-soluble fractions, a fraction soluble in 
neutral or slightly alkaline salt solutions may be obtained from 
collagenous tissues (Gross ef al., 1955: HARKNEsS ef al., 1954; JACKSON 
and FrEssLer, 1955). At temperatures above 5°C salt-soluble collagen 


is precipitated from solution as fibres which show banding with 640 A 


periodicity. 


4. Hydroxyproline in relation to collage n Structure 
With the exception of elastin which contains about 1-5 per cent 
hydroxyproline, this imino-acid occurs only in the collagen group of 
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proteins. There is a considerable variation in the hydroxyproline 
content of collagens from different species (Table 2). Thus while most 
mammalian collagens contain about 14 per cent hydroxyproline, the 
content of fish collagens is generally lower, e.g. teleostean skin collagen 
contains 6—11 per cent. On the other hand, earthworm cuticle, a so- 
called secreted collagen (BEAR, 1952) contains 17 per cent hydroxy- 
proline but has a low proline content (WATSON and SmiruH, 1956). The 
effect of the hydroxyproline content of collagen on its stability was 
discussed by GuSTAVSON (1956) who found that in general the shrinkage 
temperatures (the temperature at which an irreversible change takes 
place, leading to gelatin formation) of collagens were lowered with 
decreasing content of the imino-acid. Further studies on the fixation 
of tanning agents by intact collagen and by acetylated collagen led 
GUSTAVSON to propose the existence of a strong inter-chain hydrogen 
bonding between the — OH of hydroxyproline and the carbonyl 
oxygen of keto-imide linkages. He suggests that the hydroxyproline 
residue may play the same governing role in stabilizing collagen as 


cystine does in keratin. 


5. Stabilization of collagenous tissue by mucopolysaccharides 


PARTRIDGE, 1948: Bowers and KENTON, 


Several investigators (e.g 
1950; D. 8S. Jackson, 1953) have presented evidence that the inter- 


fibrillar substance, postulated by histologists as cementing together 
collagen fibrils, is a mucopolysaccharide. In all these studies, conditions 
which were favourable to the extraction of mucopolysaccharide were 
associated with a marked reduction in the stability of the tissues 
investigated. PARTRIDGE (1948) has suggested that the chondroitin 
sulphuric acid in cartillage is crosslinked to collagen and D. 8. JACKSON 
(1953) considers that a similar association of mucopolysaccharide with 
collagen occurs in tendon. As there is only about 1 per cent mucopoly- 
saccharide in tendon, JACKSON considers that it may enter into 
the structure of tendon at a fairly high level of aggregation of 


collagen. 


III. BrosyNTHESIS OF COLLAGEN FIBRES 

& Chemical nature of the collage nr Sibre precursor 

1. 1. Evidence from metabolic turnover studies. NEUBERGER et al. 
(1951, 1953), using “C-labelled glycine as tracer, studied the rate of 
metabolism of collagen in the rat, and the influence on this rate of age 
and site of origin of the collagen. They concluded that in the normal 
healthy adult rat collagen fibres are being continually, but very slowly, 
replaced; the turnover rates are highest for collagen from bone and 
lowest for tendon collagen. In young rats this change is somewhat 
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faster, but in all age groups all collagens show turnover rates which 
are low compared with those of intracellular proteins. 

The hypothesis that the soluble fractions of collagen may be biological 
precursors of the mature collagen fibril was also investigated by the 
NEUBERGER group (HARKNESS ef al., 1954). Again using C-labelled 
glycine as tracer they investigated the turnover of the salt and acid- 


soluble collagen fractions of rabbit skin and concluded that the salt- 
soluble fraction turned over most rapidly and was almost certainly a 
precursor of all or most of the insoluble collagen. The metabolic role 
of the acid-soluble fraction (the so-called ‘‘pro-collagen” of OREKHO- 
VITCH) was less clear; these experiments did not suggest that it was 
a necessary intermediate in the formation of insoluble collagen of the 
skin. These conclusions were recently confirmed by the similar tracer 
studies of D. 8. Jackson (1956) who used as experimental material the 
guinea-pig carrageenin granuloma first described by ROBERTSON and 
SCHWARTZ (1953). 

Amino-acid analyses have been published for the acid soluble and 
insoluble fractions, but not for the salt soluble fractions of skin (BowEs 
et al., 1955). There are certain small differences in the amino-acid 
composition of acid-soluble and insoluble skin collagens (Table 1), but 
this may be partly associated with the presence of small amounts of non- 
collagenous proteins in the acid-soluble collagen preparations (BOWES 
et al., 1956). Until amino-acid analyses of the salt-soluble fraction 
become available it is not possible to say whether the transformation 
of this precursor into the mature fibre is associated with a change in 
amino-acid composition of the protein, as, for example, in the conver- 
sion of fibrinogen to fibrin, or whether the processes associated with the 
transformation are more physical in nature, such as a change in the 
state of aggregation of the units of collagen structure. In their pre- 
liminary note JACKSON and FEsSsLER (1955) do, nevertheless, record the 
hydroxyproline content of the salt-soluble collagen as 8-2 per cent 
(imino-acid N as percentage of total N) which is identical with that of 
insoluble collagen; thus whatever the nature of the change undergone 
by the salt-soluble precursor in forming the mature fibre, it does not 
appear to be associated with a change in hydroxyproline content. 


It is interesting that in spite of the high content of hydroxyproline 
and of its probable structural importance, there is evidence that 
dietary hydroxyproline is not readily used in the synthesis of collagen 
protein. Thus STeTrEeN (1949) showed that when !°N-labelled hydroxy- 
L-proline was fed to rats a very small part only of the labelling was 
present in the hydroxyproline isolated from the body-protein. Pre- 
viously, STETTEN and SCHOENHEIMER (1944) had shown that a signifi- 
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vant amount of N-labelling was associated with the hydroxyproline 
fraction of the body-protein 3 days after the administration of N- 
labelled L-proline. On the basis of these experiments with the whole 
animal STETTEN (1949) concluded that the hydroxyproline of body 
proteins (collagen) was derived mainly from the oxidation of proline 
already bound in peptide linkage in the collagen precursor. In support 
of this idea, SMirH and Jackson (1956) showed that pure cultures of 
collagen-forming cells (chick osteoblasts) grown in vitro readily con- 
verted free 14C-L-proline to protein-bound “C-hydroxyproline. This 
oxidation was significantly inhibited by high concentrations of added 
non-isotopic hydroxyproline (2 mg per ml) but lower concentrations 
were without influence on the reaction, suggesting that free hydroxy 
proline is not readily incorporated into peptide linkage in the collagen 
precursor. The isolation of a collagen precursor rich in proline and 
deficient in hydroxyproline, as implied by this idea, has not yet been 
achieved. 

The hydroxyproline content of the salt-soluble collagen precursor is, 
as we have already seen, not significantly different from that of the 
mature fibre protein, if, therefore, SrETTEN’s idea is correct, this material 
may represent a fairly advanced stage in the formation of the collagen 
fibre. Studies of the collagen of granulomas produced by injecting 
guinea pigs with carrageenin led ROBERTSON and SCHWARTZ (1953) to 
suggest that a collagen precursor of low hydroxyproline content might 
be present in granulomas from vitamin C-deficient animals. The 
profound influence of ascorbic acid on connective tissue metabolism 
has long been recognized and this will be discussed in greater detail 
later. Histologically it has been established that in the absence of this 
vitamin extra-cellular masses of gelatinous, non-fibrous material, 
sometimes referred to as “‘pre-collagen’’ are formed in the connective 
tissue and on administration of vitamin C the non-fibrous masses are 
replaced by normal fibres. In the light of Gustavson’s and STETTEN’s 
ideas it is tempting to speculate that this non-fibrous material may 
contain a collagen fibre precursor of low hydroxyproline content and 
that ascorbic acid may be associated with the hydroxylation of proline 
in the peptide chain. More determinations of the hydroxyproline and 


proline contents of these materials are, however, needed to establish 


this idea. 

In a histological and chemical examination of collagen-forming cells 
(chick osteoblasts) grown in tissue culture, JACKSON and SmitH (1957) 
found that the protein bound hydroxyproline content per milligramme 
dry-weight of tissue was sensibly constant after 15 hours, the shortest 
growth period investigated. Furthermore, the ratio of proline: hydroxy- 
proline contents was not found to change significantly with the age of 
the culture. Electron microscopy of these tissue cultures showed that 
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fibrils with characteristic periodicity of banding were not present before 
48 hours growth. This work therefore indicated that the formation of 
structural fibrils from a structureless precursor was not associated with 
a significant increase in the protein-bound hydroxyproline content of 
the tissue. 

SrNEX and vAN SLYKE (1955) have adduced evidence that, like 
hydroxyproline, hydroxylysine, which occurs only in the collagen 
group of proteins, arises through the hydroxylation of lysine in the 
collagen-forming cells. 


2. The fibroblast in relation to collagen fibre formation 

For many years one of the principal interests of histologists studying 
connective tissue has been the investigation of the fibroblast-fibril 
relationship in order to ascertain whether the fibrils are formed intra- 
or extra-cellularly. Thus in 1870 Ro.Luerr, studying the sheep 
umbilical cord wrote that one may . . . “leicht Zellen finden, welche 
ein kérniges Protoplasma um den Kern erkennen lassen, um welches 
nach aussen eine die ganze Zelle kapselartig umhiillende und die Form 
der langgestreckten Zelle selbst nachahmende Lage sich vorfindet, 
welche glanzender als der kérnige Innenkérper und von feinen wellig 
geschlungenen Fibrillen durchgesetzt erscheint. Die letzteren laufen der 
Zelle entlang. An beiden Enden aber entsteht ein Ansehen, welches 
sich mit dem Ende des am Rocken befindlichen Flaschbiindels ver- 
gleichen lasst. Die der Mitte des Korpers naheren Fibrillen schieben 
sich im Vergleich mit den der Perpherie niheren weiter gegen das 
Ende vor und entsteht so ein schwanartiges Biindelende.”’ 

In recent years the electron microscope has been used in attempts 
to resolve this old problem of the cell-fibre relationship. PORTER (1952) 
studying thin sections of chick embryo skin grown in tissue culture 
concluded that fibres formed at the surface of the cell and that in more 
completely differentiated units of old cultures a large part of the cell 
surface transformed into fibres. In agreement with these findings, 
WASSERMAN (1954) in studies on regenerating tendon, found the 
young fibrils closely associated with the surface of the cells so that no 
free cell border could be distinguished. These fibres, WASSERMANN 


claims, are composed of very thin wavy fibrils of width 100 to 200 A 


and have a nodular or beaded appearance in the electron microscope 
with the absence of a regular periodicity; he called them ‘primary 
fibrils’, considering them to be the first fibrous product of the cell. 
Collagen-forming cells from chick tissue-cultures and embryonic tissue 
were also studies in the electron microscope by Firron JACKSON 
(1953, 1954) who described the appearance of parallel filaments within 
the cytoplasm of a fowl osteoblast and suggested that these filaments 
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are “probably concerned with fibrogenesis.’’ She also made the impor- 
tant observation of the diffuseness of the margin of the fibroblast, 
with the absence of an obvious cytoplasmic membrane bounding the 
surface of the cell. A time-lapse film of the collagen-forming cells of 
tendon and bone developing in vitro made with the phase contrast 
microscope by this author again emphasized the diffuseness and, in 
addition, the dynamic nature of the cell margin. The cells showed 
rapid amoeboid movements, the outlines of the cells changing rapidly 
with the extension and withdrawal of pseudopodia-like processes. 
Cytoplasmic granules were frequently seen to pass into these processes 
but their extrusion was never observed. These findings of the diffuse- 
ness and dynamic nature of the cell surface, with the consequent 
difficulty in defining at a given moment the precise boundary of the 
cell, render the old question of whether collagen fibres originate within, 
at the surface or outside the cell as rather meaningless. The tropo- 
collagen concept may be regarded as transcending this question: the 
outstanding problems of collagen research are now the elucidation of 
the constitution and configuration of the collagen precursor synthesized 
by the cell and of the processes associated with the formation of the 
mature fibre from the precursor. 


a: Cytoplasmic granules of fibroblasts un re lation fo formation of ground 
substance and collagen 
There is evidence that, in addition to their role in collagen formation 
fibroblasts are also associated with the formation of polysaccharides 
of the amorphous matrix of connective tissue. Recently, KARL MEYER 
and his associates (GROSSFELD et al., 1955) have clearly established 
that hyaluronic acid and sulphated polysaccharide are formed by 
fibroblasts grown in tissue culture. Several earlier histological investi- 
gations also indicated the presence within the fibroblast cytoplasm of 


polysaccharide material. Thus GeRsH and CaTcHPOLE (1949) observed 
within the cytoplasm of fibroblasts small granules which stained red 
in the periodic-acid-Schiff (PAS) histochemical test, indicating the 
presence of polysaccharide. These were considered to be glycoprotein 


granules and possible precursors of the ground-substance glycoprotein. 
Similar granules giving a positive reaction in the PAS test were reported 
by HELLER-STEINBERG (1951) in the cytoplasm of osteoblasts. 
Numerous PAS-positive granules, 0-5 to 1-0 « diameter were observed 
by Frrron Jackson in the cytoplasm of chick osteoblasts grown in 
tissue culture. These granules were also stained supravitally by neutral 
red and toluidine blue, the latter showing metachromatic staining. 
The granules were not stained by Janus green which distinguished 
them from the rod-shaped mitochondria which were also present in the 
cytoplasm, although in smaller numbers. Appropriate histochemical 
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tests made on the osteoblasts showed the following enzymic activities 
to be associated with the granules:alkaline phosphatase, succinic 
dehydrogenase, and cytochrome oxidase. Granule preparations isolated 
by differential centrifugation of sucrose homogenates of osteoblast 
cultures were found to contain polysaccharide, protein, phospholipid 
and nucleic acid (Firron JACKSON and SmiruH, 1954). The amino-acid 
analysis of the isolated granules was not typically collagen-like, although 
small amounts of hydroxyproline were present. On the basis of these 
findings a tentative hypothesis was put forward that these granules 
may be sites ot elaboration of precursors of collagen fibres as well as of 
ground-substance polysaccharide. Similar, but smaller, granules giving 


a periodic-acid-Schiff reaction have been observed in fibroblasts from 


many tissues that are actively forming collagen. Ropers ef al. (1955) 
described similar granules in dermis fibroblasts grown in tissue culture, 
and on the basis of staining and imunological studies with anti-collagen 
serum inferred that a collagen-like substance was associated with them. 

In some preliminary, unpublished experiments SmirH and Frrron 
JACKSON have studied the rate of incorporation of “C-L-proline into 
the large and small (microsomal) granules of osteoblasts. In contrast 
to liver, where the microsomal fractions show a much higher rate of 
amino-acid incorporation than the large granule fractions, the large 
granules of osteoblasts show the same order of activity in incorpora- 
ting C-L-proline as the small granules. Recently, similar high rates 
of amino-acid incorporation by large granule fractions of muscle cells 
have been reported by McLean ef al. (1956) while ZreaLeR and MEL- 
CHIOR (1956) also found that the large granule fraction of the anterior 
hypophysis incorporated amino-acids at a similar rate to the small 
granule fraction. Thus although studies on liver preparations have led 
to the widely-held generalization that the small granules (microsomes) 
are the site of protein synthesis in the cell, it would appear that in 
collagen and muscle forming cells the large granules may also be active 
sites of protein synthesis. 

Whatever the site of formation within the cytoplasm there is little 
doubt that fibroblasts are able to secrete, inter alia collagen fibre 
precursors and mucopolysaccharides. It is not at present clear whether 
a given cell simultaneously forms collagen fibre precursor and muco- 
polysaccharide or whether there is a physiological division of labour 
amongst the fibroblasts, some secreting collagen fibre precursor and 
others mucopolysaccharide. An additional possibility is that collagen 
precursor and mucopolysaccharide secretion take place in different 
phases; this is suggested by the observation of Firron JAcKson and 
SmitTH (1957) that although the highest rate of formation of protein- 
bound hydroxyproline was found in osteoblast cultures at 15 hours the 
PAS staining of the cytoplasmic granules was maximal at 48 hours. 
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4, Formation of Structure d fibre 8 from collage mw precursor 


For several decades histologists have recognized that the fine fibres 


originating in the proximity of the fibroblasts, which are stained black 


on treatment with a silver-containing reagent (argyrophil or reticular 
fibres), in time become oriented into parallel lines, lose their argyrophil 
property and begin to take the Mallory stain for collagen. Such 
observations, made with rabbit thymus grown in vitro, led Maxtmow 
(1929) to conclude that the reticular fibres represented an early 
stage in collagen fibre formation. McKinney (1929) made similar 
observations and regarded this conversion as indicative of chemi- 
cal and physical differences between the earlier and later developed 
fibres. 

Electron microscope studies with tissue cultures and embryonic 
material have established the presence in argyrophil fibres of banding 
with periodicities at 70 A, 210 A, and 640 A (Frrron Jackson, 1954). 
At an early developmental stage, argyrophilic material with no 
apparent regular structure in the electron microscope was observed in 
osteoblasts grown in tissue culture for 15 hours. It is nevertheless 
possible that such material contained particles 14 A by 2200-2800 A of 
the type observed by HALL (1956), but that these were masked by the 
granular background of the preparations which derived from the 
nutrient medium. In electron microscope studies on the morphogenesis 
of avian tendon, Firron JAcKsoN (1956) showed that each fibril is 
invested by inter-fibrillar material. As the diameter of the fibrils 
increases with age the relative volume of interfibrillar material within 
a bundle decreases (Fig. 1), and it was concluded that this material 
must either contain collagen or the necessary precursors in order to 
account for the enlargement of the fibrils. The possible identity of this 
interfibrillar material with the neutral salt-soluble collagen precursor 
considered earlier has been indicated by recent experiments of D. S. 
JACKSON (1956). He showed that the extraction of 6-day granuloma 
tissue of guinea pig with neutral salt solution led to the fibres losing 
their argyrophilia and taking up the Mallory stain for collagen. He 
suggests that silver staining may be associated with the presence of a 
layer of this salt soluble collagen precursor which is not yet firmly 
incorporated in the collagen structure. 

The simplest hypothesis to account for the many diverse observations 
here considered, and one which has been discussed at length by Gross 
(1956), is that the collagen-forming cells of normal animals synthesize 
and secrete a precursor—‘‘tropocollagen,” of molecular weight about 
100,000, the molecules of which, under the influence of physical or 
chemical stimuli, aggregate to give structured fibrils seen with the 
electron microscope. Jn vitro the precipitation of structured collagen 
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fibrils from solution may be brought about by a variety of chemically- 
unrelated substances, from inorganic salts to complex macromolecules 
such as acid mucopolysaccharides. A decade ago, K. MEYER (1947) 
proposed the following mechanism for the formation of collagen fibres 
and the associated cement substance. . . . “The young fibroblast 
secretes into the surrounding tissue spaces hyaluronic acid, a precursor 
of collagen and a chondroitin sulphate. By local acidification in the 
immediate neighbourhood of the cells the first fibres are produced by 
the polysaccharides from the native soluble collagen which denatures 








Bundle volume 
Fibril packing-fraction 


12 
Time of incubation 


Fig. 1. The relative cross-section area of components in developing tendon. 
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cellular spaces between bundl ‘ross hed areas represent interfibrillar 


material within the bundles. represent fibrils within the bundles. 


into the insoluble fibre, on the surface of which lies a sheet of poly- 
saccharide. With the ageing of the fibres the polysaccharide layer 
becomes thinner and the hyaluronate is replaced more and more by 
chondroitin sulphate. Only in metabolically active connective tissue like 
skin, hyaluronic acid production continues in appreciable quantities.”’ 

We have remarked earlier in this review on the general tendency for 


polysaccharides to occur in association with collagen fibres and of the 


possible stabilizing effect of such a complex on the tissue structure. 
Neither this nor, as Gross (1956) has pointed out, the ability of chon- 
droitin sulphate and other mucopolysaccharides to reconstitute fibrils in 
vitro necessarily afford evidence for their participation in fibrogenesis 
in vivo. GROSS suggests that the secreted tropocollagen particles are 
. . . “spontaneously precipitated in the form of collagen-type fibril 
because of the characteristics of the ionic environment.” Further, he 
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suggests that the role of the non-collagenous components of ground 
substance may be “... to provide the necessary viscous, even 
thixotropic, medium required to keep the precipitated fibrils localized 
to specific areas and arranged in a particular pattern; the fibrils might 
otherwise precipitate in a tangled mass around the cells.”’ 


IV. THe MvucopoLysaccHAaRIDES OF GROUND SUBSTANCES 
1. Introduction 
This subject has recently been reviewed by DoRFMAN (1955) and it is 
intended here only briefly to outline the present indications concerning 
mechanisms of mucopolysaccharide biosynthesis. 

Evidence that fibroblasts take part in the synthesis of muco- 
polysaccharides has been given earlier in the review. Since the dis- 
covery of the so-called mast-cells by EHRLICH in 1877, they have been 
invoked by histologists as being associated with the formation of 
connective tissue components. Thus STAEMMLER (1921) regarded the 
mast-cells as unicellular glands of the connective tissue which elaborated 
mucinous inter-fibrillary cement. 

There is evidence that in addition to histamine these cells contain 
the sulphated polysaccharide heparin, which some regard as being 
associated with the characteristic, metachromatically-staining granules 
of the cells (e.g. JorpEs, 1947). On histological grounds, ASBOE- 
HANSEN (1954) regards the metachromatic substance as a sulphated 
precursor of hyaluronic acid. BuNntTine and Wuire (1949) however 
found the metachromasia of the granules to be refractory to hyaluroni- 
dase and considered this to be evidence against the mast-cell origin of 
hyaluronic acid, unless the mucopolysaccharides are changed when 
released from the cells. These authors also showed that mast-cells are 
not necessary participants in connective tissue formation, for in 
healing wounds no correlation was found between the average mast-cell 
count and metachromasia. 


2. Metabolism of components of mucopolysaccharides 


The mucopolysaccharides are polymers of high molecular weight 


composed of hexosamines (glucosamine or galactosamine) and glucuronic 
acid, together with acetate and, in some, ester sulphate. 
In the last few years, uridine nucleotides containing hexose sugar 


components of mucopolysaccharides have been isolated from, or 
demonstrated in a variety of sources, including staphylococci (PARK, 
1952), yeast (CABIB ef al., 1953), liver (SmirH and Mitts, 1954; HuRt- 
BERT and Porrer, 1954; Pontis VipELA, 1954) and oviducts 


(STROMINGER, 1955) and speculation has been made as to their possible 
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role in mucopolysaccharide synthesis. The participation of UDP- 
glucuronic acid in uronide synthesis, probably by the following reaction: 


UDP-glucuronic acid — R — OH Fae. 
UDP o-glucuronic acid 


has been demonstrated in liver preparations by Dutrron and SToREY 
(1954), SmirH and Minis (1954) and IsseLBAcKER and AXELROD 
(1955). The synthesis of the disaccharides trehalose phosphate, 
sucrose and sucrose phosphate by reactions involving glycosyl group 
transfer from UDP compounds has been established by LELorR et al. 
(1953). Whilst it seems likely that similar reactions may also be 
involved in the synthesis of mucopolysaccharides, direct experimental 
proof of this is at present lacking. 

The esterification of sulphate by connective tissue preparations in 
vitro has been demonstrated by a number of investigators, and evidence 
adduced for the enzyme nature of the reaction (e.g. BOSTROM and 
Mansson, 1952; Boyp and Neuman, 1954. The mechanism of the 


enzymic reaction is at present not established. 


3. Metabolism of hyaluronic acid and chondroitin sulphuric acid 

The turnover rate of mucopolysaccharides of adult rat skin was studied 
by BostrOm and GARDELL (1953) using ®SO,. They estimated the half- 
life period of the ester sulphate as about 10 days. More satisfactory 
studies along these lines were made by DoRFMAN’s group (SCHILLER 
et al., 1955) using “C-labelled acetate and glucose and *°SO,;. In rabbit 
and rat skin a rapid rate of turnover was found for hyaluronic acid 
(half-life period about 2 days) and a considerably slower rate for the 
chondroitin sulphuric acid fraction which was shown to consist of a 
mixture of two compounds, probably the chondroitins A and B of 
Meyer. Similar turnover rates were found when measured by the 
turnover of the acetyl group, hexosamine or the sulphate group, 
indicating that neither the sulphate nor acetyl groups participate in 


exchange reactions. 


V. Ascorsic Acip AND CONNECTIVE TISSUE METABOLISM 


1. Introduction 

The classically recognized manifestation of ascorbic acid deficiency is 
the inability to form and maintain a normal intercellular matrix 
(WoLBACH and Bessry, 1942). In a series of histological investigations 
Wo pac and his collaborators showed that in the scorbutic animal, 
although fibroblasts and ground substance are present, no collagen or 
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reticulin fibres are formed. The general conclusion drawn from histo- 
logical studies was that ascorbic acid is essential for the formation and 
maintenance of normal collagen fibres. 

Biochemical studies by RoBertson and ScHwarrz (1953) with 
guinea pig granuloma tissue confirmed that ascorbic acid was necessary 
for collagen formation. Conflicting with the conclusion of the histolo- 
gists, however, earlier biochemical studies (ROBERTSON, 1949, 1952; 
ELSTER, 1950) showed that the vitamin is not needed for the main- 
tenance of formed collagen, but only for the replacement of that 
fraction destroyed by wear and tear. 


cm Influence of ascorbic acid on polysaccharide formation 

On the basis of metachromatic staining reactions, PENNEY and BALFOUR 
(1949) concluded that acid polysaccharides do not appear in wounds of 
scorbutic guinea pigs. Lupwie (1954) found no difference in hexosa- 
mine content of the new connective tissue formed by inducing 
exophthalmos in normal and _ scorbutic guinea pigs. Similarly, 
KopicEK and Lorwr (1955) found similar hexosamine contents of 
repair tissue from tendons of normal and scorbutic guinea pigs, although 
the vitamin deficiency lowered the uptake of isotopically-labelled 
inorganic sulphate by the tissue. In contrast to these findings, BUNTING 
and WHITE (1950), using metachromatic staining methods, concluded 
that mucopolysaccharides are more abundant than normal in wounds 
of scorbutic guinea pigs. Similarly, higher contents of hexosamine 
and more intensive polysaccharide staining than normal were reported 


by Persson (1953) for scorbutic tissue preparations. DuNpPHy and 


Upurea (1955) also reported an increased mucopolysaccharide content 
in granulation tissue from scorbutic animals. ROBERTSON and HINDsS 
(1956) similarly found that the collagen-poor repair tissue found in 
guinea pigs deprived of ascorbic acid during tissue development 
contained about five times as much mucopolysaccharide as repair 
tissue that formed in normal animals. The predominant polysaccharide 
which accumulated was isolated and identified as hyaluronic acid. 
These authors suggest that their findings may reconcile the apparently 
conflicting views of histologist and biochemist concerning the necessity 
of ascorbic acid for the maintenance of collagen fibres. Thus, in normal 
connective tissue the collagen fibrils with associated water and poly- 
saccharide are lined up to form the characteristic fibres identified by 
the histologist as ‘“‘collagen.’’ The influence of excessive amounts of 
polysaccharide formed during ascorbic acid deficiency, they suggest, 
would be to disperse the fibrils and the collagen might then be invisible 
with the microscope or appear as reticular or fragmented fibrils even 
though the molecular collagen itself has undergone no change detectable 
by chemical techniques. The tissue containing the separated fibrils 
233 
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might then be expected to have less tensile strength, even though the 
concentration of molecular collagen has not decreased. They consider 
that this behaviour would explain such phenomena as the ease with 
which scorbutic guinea pig skin tears and the old clinical observation 
of the breaking open of long-healed wounds when an individual became 
scorbutic. 


3. Influence of ascorbic acid on collagen-forming cells 
In the absence of ascorbic acid, collagen-forming cells (fibroblasts, 
osteoblasts, etc.) multiply rapidly but fail to produce new collagen 
fibres (WoLMAN, 1931; Fouts, 1950, 1952). Bunting and WHITE 
(1950) described the immature appearance of fibroblasts from late 
wounds of scorbutic animals and according to PENNEY and BAaLFouR 
(1949), after the administration of ascorbic acid, such cells attain the 
appearance of normal fibroblasts: both cytoplasm and nuclei enlarge 
and the nucleoli become prominent. Fouurs (1950, 1952) states that 
both cytochrome oxidase and alkaline phosphatase activities are 
diminished or disappear in osteoblasts from scorbutic animals and are 
restored on administration of the vitamin. In addition, the osteoblasts 
spindle shaped in the scorbutie state—become plump and filled 
with RNA when the vitamin is given, glycogen also appearing in the 
cytoplasm. 

All these observations are consistent with the idea that ascorbic acid 
in some way functions as an essential co-factor in collagen protein 
synthesis. The high content of hydroxy-amino acids in collagen and 
the probability that both hydroxyproline and hydroxylysine are 
formed by oxidation in the collagen-forming cells of proline and lysine, 
respectively, have been considered earlier. In addition to the energy 
required for actual peptide bond synthesis, it would appear that the 


respiratory processes of the collagen-forming cells must also supply 


energy for the oxidation of these amino acids. The stimulating effect 
of ascorbic acid on the biosynthesis of corticosteroids and on the 
in vitro 11-f8-hydroxylation of corticosterone was reported by KAHNT 
and WETTSTEIN (1951) and by Scumipr and STAUDINGER (1955). 
Recently, Kersten et al. (1956) have adduced evidence for the idea 
that these stimulatory effects are associated with the activation by 
ascorbic acid of the electron transport in the cells. As a working 
hypothesis it is perhaps reasonable to speculate that by activating 
electron transport in the collagen-forming cells, ascorbic acid enables 
reactions, such for example, as those associated with the formation of 
collagen protein, to proceed. By a similar fundamental mechanism, 
ascorbic acid might also stimulate such processes as sulphate ester 
formation in the synthesis of acid mucopolysaccharides; for there is 
evidence that this is a high energy-requiring reaction. 
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VI. ELASstTIN 


1. Introduction 

Elastic tissue is seen with the light microscope to consist of optically 
homogeneous, refractile fibres which form anastomizing networks and 
always occur in association with collagenous fibres. X-ray diffraction 
studies of relaxed elastin fibres gave amorphous patterns (KoLPAK, 
1935) and the faint collagen pattern seen in stretched preparations was 
attributed by AstBuRY (1940) to contamination. There is no good 
evidence for the existence at the electron-miscroscope level of a periodic 
cross-striation in elastin fibres (WoLPERs, 1944; Lanstne ef al., 1951). 
The last-named authors, studying elastic tissue preparations after 
partial digestion by the enzyme elastase found occasional fibres which 
were easily identified as collagen by their banded structure with 
periodicity at 640A. They concluded that even purified elastin 
preparations are contaminated by collagen, probably because the 
collagen fibrils are embedded in the elastic substance and are thus 
protected from the solubilizing effects of the hot NaOH solutions 
designed to destroy them. Electron micrographs of thin sections of 
elastic tissue stained with OsO, showed the elastic fibres, in contrast 
to the associated feltwork of collagenous fibres, to have little electron 
density; and except for some occasional dense dots or strands the 
elastic substance had a homogeneous appearance (DEMPSEY and 
LANSING, 1954). Hatt ef al. (1955) found the elastic tissue of ox 
ligamentum nuchae to appear in the electron microscope as cylindrical 
fibres, opaque to the electron beam. When the fibres were treated 
with elastase the opaque layer was removed and the fibres no longer 
appeared cylindrical; at the same time an internal fibrillar material 
was revealed which was also attacked by the enzyme and ultimately 
the whole of the tissue passed into solution. A similar picture was 
obtained with aorta, except that the fibres did not appear as simple 
structures of fibrous nature, but as fibres embedded in an amorphous 
matrix making up the body of the lamelle. These, together with some 


supporting chemical observations, are taken by HALL ef al. as indicative 


of the existence of two elastin components, a fibrous and an amorphous 
component. DrempsrEy and LANsING (1954) give other evidence for the 
non-uniformity of elastic fibres. 

Studies of the chemical composition of elastic tissue are commonly 
made on tissue which has been treated to remove or destroy other 
(principally collagenous) components. The methods commonly used 
involve heating with the following solutions: dilute NaOH, dilute 
acetic acid and 40 per cent urea. A comparative study of these methods 
led HALL (1955) to suggest that all existing methods for freeing elastin 
from associated proteins are either inadequate or so drastic as to start 
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the degradation of the fundamental unit of elastic tissue itself. Some 
amino-acid analyses of elastin preparations are given in Table 1; 
these are seen to differ markedly from that of collagen, particularly in 
respect of their low content of polar amino-acids and hydroxyproline. 
Variations in the amino-acid composition of elastin preparations seem 
to occur with the source and age of material: thus from the studies of 
LANSING ef al. (1951) there seems to be an increase in content of polar 
amino acids in elastin preparations from human aorta as the age of the 
tissue increases. In a series of elegant and very careful studies on well- 


purified ox ligamentum nuchae elastin, PARTRIDGE et al. (1955) found 


similar amino-acid compositions for elastin and the « and / proteins 
derived from it by mild acid hydrolysis. These findings led to the view 
that the substance of the elementary elastin fibre is chemically homo- 
geneous protein, although it may exhibit heterogeneity at the macro- 
molecular level. The amino-sugar content of these preparations was 
not more than 0-1 per cent of the dry protein. Treatment of ox 
ligamentum nuchae to remove mucopolysaccharide was found by 
Woop (1953) to have no observable effect on the elastic property of 
the fibres; he concluded that there is doubt as to whether the poly- 
saccharide associated with elastin plays an important part in its 
structural stability. 


» 


Biosynthe SUS of elastin 

There are no indications concerning the site of formation of elastin. 
Specific elastin-forming cells have not been distinguished morpholo- 
gically or by staining reactions from the collagen-forming cells of 
connective tissue. The turnover rate of elastin was studied by SLACK 
(1954) in adult rat aorta and found to be of the same order as that of 
most collagens. 

In the developing connective tissue (e.g. in the embryo and in the 
healing wounds) elastic fibres appear later than collagen fibres (MAxI- 
Mow and Bioom, 1940; Rops-Smiru, 1955) and the latter author has 
suggested that collagen is a pre-requisite for the formation of elastic 
tissue. 

A recent publication by University of Leeds investigators (BURTON 
et al., 1955) describes electron microscope, histological and biochemical 
investigation which are considered to indicate a possible transformation 
of collagen fibrils into elastin-like material. Their evidence may be 
summarized : 

1. When skin preparations were treated with reagents known to 
affect mucopolysaccharides (e.g. borate solutions pH 7 to 10-4, sodium 
metaperiodate pH 5-0 at 37°C) or with trypsin and chymotrypsin at 
pH 7-3, the electron microscope showed an increase in amorphous 
material associated with degenerate collagen fibrils and an increase 
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in structures resembling the fibres of elastic tissue. It was inferred that 
certain collagen fibrils had degenerated with the production of large 
quantities of amorphous material. This coated the fibrils present, 
cementing them together, rendering the banding and fibril outline 
indistinct. The conversion of collagen to elastin-like material was not 
complete, some fibrils retaining their characteristic banding. 

2. Protein fractions rich in hydroxyproline and arginine were 
released when skin preparations were treated with alkaline buffers. 
The release of these fractions was invariably accompanied by the 
release of carbohydrate material of high reducing sugar content. 

3. Material staining like elastin is produced from collagen under 
these conditions. 

Chemically, the conversion of collagen protein into elastin (see Table 1) 
requires inter alia that the content of glycine and proline residues 
should remain virtually unchanged whilst that of hydroxyproline, 
arginine and glutamic acids be drastically reduced and that of valine 
and alanine increased. Such a change might be considered in terms of 
the currently-accepted structure of collagen—the 3-strand helix of 
BoEDTKER and Doty. It would then be necessary to assume that 
most of the hydroxy-amino acids, arginine and glutamic and aspartic 
acids were segregated in one of the chains which contained virtually 
no glycine or proline residues. Such an arrangement is, however, almost 
certainly excluded by the finding that a significant number of glycine, 
proline and hydroxyproline residues occur in the peptide sequence 
gly—pro-hypro (KRONER ef al., 1955). Our present knowledge of the 
structure of collagen indeed makes it almost impossible to conceive 
any method, other than one involving extensive peptide bond breaking 
and resynthesis, whereby collagen may be converted to elastin. Under 
the conditions of the experiments described in this paper it is 
unlikely that peptide bond formation could occur to any appreciable 
extent. 

To the writer, the simplest explanation of the observed effects in the 
electron microscope is that treatment of skin at 37°C with alkaline 
solutions caused the collagen fibres to swell and to become partially 
converted to gelatin with the consequent loss of periodic structure. 
It seems unsound to argue the probable identity of a structure with 
elastin on the ground that both lack periodic banding in the electron 
microscope. 

These in vitro observations may reasonably be regarded as having 
some bearing on the pathological changes undergone by collagenous 


components of connective tissue. Thus the elastin-like masses found 


in senile elastosis have been shown by TUNBRIDGE ef al. (1952) to be in 
fact degenerated collagen with excess of amorphous material. It 
seems, nevertheless, unreasonable and unnecessarily complicated to 
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postulate that in normal developing connective tissue the elastic fibres 
arise by transformation of the earlier-formed collagen. 

Earlier in this review evidence has been adduced for the idea that 
fibroblasts which morphologically appear homogeneous may elaborate 
two widely differing types of substances, collagen protein and muco- 


polysaccharides. In the absence of evidence for the existence of a 


morphologically distinct elastoblast, the simplest hypothesis is that 
elastin fibres also arise by the metabolic activity of fibroblasts. By 
analogy with collagen it may be supposed that elastin is secreted in the 
non-fibrous state by the fibroblast and this is subsequently converted 
into the fibrous form. Such an idea would accord with the observation 
that, as with collagen fibre formation, in embryonic tissue small elastin 
fibres appear first and enlarge with time, possibly by the addition of 


the elastic substance in the non-fibrous form. 
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THE IONIC PERMEABILITY OF THE RED 
CELL MEMBRANE 


I. M. Glynn 


I. INTRODUCTION 
“T have been told that I tend to speak of the red cell as if it were a 
microcosm, and as if an understanding of its nature and properties 
would include an understanding of nearly everything else in the 
cellular world. To some extent this is true. ¢z 
PONDER, 
New York, 1948. 


A FEATURE characteristic of living cells is that they are able to maintain 
within themselves a fluid of different ionic composition from the fluid 
outside. In general, the difference in composition is not due to ion 
binding within the cell, though that does sometimes occur, but depends 
on the ability of the cell membrane to differentiate between ions so that 
some are allowed through, others are kept in or out and yet others 
are carried actively across the membrane. In some of the highly 
differentiated cells of multicellular organisms this ability of the cell 
to select or transport a variety of inorganic ions subserves some special 
function: the propagation of impulses in nerves and muscles, the 
generation of potentials in electric organs, the secretion of acid by 
oxyntic cells, the control of the “internal environment” by chloride 
secreting cells and kidney tubules, the absorption of salts by root hairs, 
and so on. These examples should probably be regarded as develop- 
ments, arising in the course of evolution, from a rather fundamental 
property of living cells. It is with this fundamental property, and not 
with any special functions of ion transport, that the present review is 
concerned, 

The interest of the early investigators in electrolyte movements in 
red cells arose from studies of the carbon dioxide carrying power of the 
blood, and in particular from the observation that the ‘titratable 
alkalinity’ of serum increased more when carbon dioxide was passed 
into whole blood than when it was passed into serum after removal of 
the cells. (ScHMIpT, 1867; ZuNTz, 1868). Davson (1943) has pointed 
out that the shift of chloride into the cells that accompanies the rise in 
titratable alkalinity of the serum was described by NAssE (1878) nine 
years before ARRHENIUS put forward his theory of electrolytic dissocia- 
tion. Red cells were first used for systematic permeability studies by 
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Gryns and HeEpIN in 1896, almost contemporaneously with the 
classical work of OvERTON on plant cells, and they have remained a 
favourite material for such studies since that time. For this there are 
a number of reasons: 

Red cells are readily available in large quantities unmixed with 
other types of cell; they are robust, and they may be stored in the 
cold for days and weeks without loss of viability. They can readily 
be added to and removed from test solutions, and, because they can 
be washed by alternate centrifuging and resuspension, the problems 
associated with the presence of interstitial fluid in organized tissues can 
largely be avoided. The fact that red cells behave as osmometers 
makes it possible to follow the entry and exit of solutes by observing 
changes in cell volume, and this can be done by optical methods which 


give good time resolution. The haemoglobin within the cells provides 


the basis for a rapid and accurate method of assessing the quantity of 
cells in a suspension, and, when it leaks from damaged cells, provides 
a useful sign of gross permeability changes. A given batch of cells 
can be divided into any number of practically identical lots, whose 
behaviour under different conditions can then be observed. Finally, 
by lysing the cells, a preparation can be obtained which consists mostly 
of the cell membranes. 

The chief disadvantage of red cells is their small size, which makes 
it impossible to work with the single cell. Problems connected with the 
non-uniformity of the cell population consequently arise. 

The review is arranged in four sections. The first is devoted to the 
structure of the cell membrane. The second defines certain terms used 
to describe the different ways in which an ion may penetrate a mem- 
brane, discusses the experimental criteria which may be used to decide 
the character of any particular movement of ions, and deals with the 
question of the existence of bound ions. The third and fourth sections 
are concerned respectively with the experimental work on the penetra- 
tion of anions and cations; a certain amount of theoretical discussion 
on the sort of mechanism which could account for the observed 
behaviour is also included. 


Il. STRUCTURE OF THE CELL MEMBRANE 
If the detailed structure of the cell membrane were known it would be 
convenient to describe it and then to present the supporting evidence. 
Unfortunately our present knowledge is too fragmentary for such a 
procedure to be feasible, and it will therefore be more convenient to 
consider first the various lines of evidence that bear on the structure 
and then to try to produce some sort of provisional picture out of the 
fragments. 
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The membrane has been studied by chemical, physical, and biological 
methods; roughly speaking the chemical studies show what materials 
are available, the physical studies suggest how these might be arranged, 
and the biological studies provide criteria by which any model based 
on the chemical and physical evidence can be tested. 


l. Analyses 

The quantities of the various materials present in the red cell mem- 
brane can be found by analysis of the red cell ghost, i.e. the residue left 
after the cell has been placed in a hypotonic solution (or frozen and 
thawed, or treated with surface-active agents) so that it loses its 
haemoglobin. A large number of such analyses have been made, but 
caution is needed in interpreting the results because the composition 
of a ghost has been shown to depend very much on the treatment to 
which it has been subjected. Most of the published analyses refer to 
ghosts which have been prepared by lysing the red cells with 10-20 
volumes of water and then subjecting the lysed cells to repeated 
washing with water or 0-1 per cent sodium chloride (PONDER, 1942) 
made acid with carbon dioxide (BERNSTEIN ef al., 1938), citrate buffer 
of pH 5-5 (BERNSTEIN ef al., 1938) or acetate buffer of pH 4-6 (BALLEN- 
TINE, 1944). The aim of the washing with salt and acid is to remove 
haemoglobin and to get a good yield by causing flocculation, but there 
is evidence that more than haemoglobin is removed. Wau@u and 
ScHMITT (1940), using their leptoscope (see later), measured the 
changes in thickness and refractive index of rabbit red cell ghosts 
prepared by the CO, method, and calculated that in 20 minutes in an 
electrolyte poor medium at pH 6-1 a quantity of lipid sufficient to give 
a layer 70 A thick and of protein sufficient to give a layer 45 A thick 
was lost from the cell. Their estimate may be too high, however, as 
the total thickness of the lipid component in the rabbit red cell as given 
by their method is 100 A although that calculated from the total 
lipid content assessed by chemical analysis is only 50 A. ERIcKSON 
WILLIAMS, BERNSTEIN, ARVIN, JONES, and Macy (1938) compared the 
amounts of lipid found in intact cells of man, sheep, ox, horse, and chick 
with the amounts found in ghosts prepared by lysing the cells with 
water and washing with citrate buffer, and they concluded that not 
more than 10 per cent of the lipid was lost in the washing. 

Depending on the species and the method of preparation, the dry 
weight of the ghost is between 1 per cent and 4 per cent of the dry 
weight of the cell (WimLiaAms, Erickson, and Macy, 1941; PARPART 
and BALLENTINE, 1952). The ghost consists mostly of protein and 
lipid, the weight of protein being 2-5 x the weight of the lipid in 
mammalian red cells and about 20 x in avian cells. Tables showing 


the quantity of fixed framework and the composition of ghosts of 
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various species will be found in PoNDER’s Hemolysis and Related 
Phenomena (1948). 


2. Stroma proteins 

It is difficult to get a clear picture of the stroma proteins because most 
of the proteins that have been described have not been shown to be 
homogeneous, and have been characterized by methods of preparation 
rather than by any well defined chemical or physical characteristics. 
JORPES (1932) washed ghosts at pH 5-5 till they were white and then 
extracted lipids with a mixture of alcohol and ether. He was left with 
a protein residue—stromatin—which because of its insolubility and 
fibrous nature was compared to the scleroproteins. It differed from the 
keratins in having a much lower cysteine content (cf. beef stromatin 
0-68 per cent S, sheep stromatin 0-79 per cent 8, wool keratin 3-68 per 
cent S), and although it resembled the collagens in having a high 
proportion of basic amino-acids (PARPART and DziemIan, 1940) it 
differed from them in being rich in leucine and poor in glycine and 
hydroxyproline (BALLENTINE, 1944). It now seems probable that the 
physical properties of stromatin were largely the result of denaturation 
by the organic solvents. 

Most of the analyses of ghost protein have been carried out on 
ghosts washed at pH 5-5. Moskowirz and Catvrn (1952) showed that 
if the lysed cells were washed at pH 9-0 and the washings were then 
adjusted to pH 6-4 a protein was precipitated which they called “S” 
protein but did not characterize further. They tentatively identified 
it with the slower of the two non-haemoglobin fractions found by 
STERN, RENE and Siper (1945) on electrophoresis of stroma. 
Moskowitz and CaLvrn also prepared a soluble protein from ghosts 
by freeze-drying ghosts washed at neutral pH, extracting with ether 
under a Soxhlet and suspending the residue in about 20 its weight 
of water at pH 9-0 when, over about three hours, most of it dissolved. 
The soluble material, which was named elinin, was purified by alternate 
ultracentrifuging in the presence of 150 mM NaCl and resuspending in 
water, the pH being kept at 9-0 throughout. The material finally 
obtained possessed A, B, and Rh activity, dissolved in water to give 


yellowish brown solutions showing birefringence of flow, and had the 


property of forming gels in solutions stronger than about 5 per cent. 
Light scattering and determination of the sedimentation rate in the 
ultracentrifuge (DANDLIKER, Moskowitz, Zimm, and CaLvIn, 1950) 
suggested a particle weight of about 40 x 10° and a length of about 
3000 A, but the spread in the ultracentrifuge showed the material to 
be polydisperse and this was confirmed in the electron microscope 
photographs which showed particles from 2500 to 20,000 A long. Some 
of the particles appeared to be made up of rods, lying close together, 
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125 A wide and with a periodicity of 125 A along their length. Besides 
protein and a small amount of carbohydrate, elinin still contained the 
50 per cent of the cell lipid which was not extractable by ether. If this 
lipid was removed with a mixture of ether and alcohol a residue of 
insoluble protein was obtained which was presumably similar to JORPES 
stromatin except that it lacked the “S”’ protein. 

The difficulty in ridding ghosts, even fragmented ghosts, of all traces 
of haemoglobin has given rise to the suggestion that a small part of 
the haemoglobin forms an integral part of the membrane. However, 
antibodies to haemoglobin do not agglutinate intact cells, so that if 
haemoglobin does occur in the membrane it presumably does not form 
part of the surface available to antibodies. 

Besides elinin, “‘S’’ protein and haemoglobin, the membrane probably 
contains small amounts of numerous other proteins. There is evidence 
that an ATP-ase (CLARKSON and MaIze.s, 1952; Garzo, ULLMAN, and 
STRAUB, 1952; HERBERT, 1956), a phosphatase (CLARKSON and 
MaIzets, 1952), a DPN-ase (Ativisatos and DENSTEDT, 1951), a 
nucleoside phosphorylase (GABRIO and HUENNEKENS, 1955), and 
several proteinases (MORRISON and NEURATH, 1953) are closely associ- 
ated with the cell stroma, but the nature of the proteins responsible for 
these enzymic activities has not yet been described. 

The bulk of the protein in the membrane seems to be fairly static as 
experiments on the uptake of “C-labelled glycine show that the life 
span of the stroma protein is roughly equal to that of haemoglobin 
(Murr, NEUBERGER, and PERRONE, 1952). These results do not, of 
course, exclude the possibility that a small fraction of the protein has a 


rapid turnover. 


3. The stroma lipids 

Human red cell ghosts contain about 4-7 mg/ml of lipid, of which over 
90 per cent is phospholipid or cholesterol, the rest being neutral fat. 
By treating ghosts with a variety of organic solvents, PARPART and 
BALLENTINE (1952) have shown that different lipid fractions are bound 
more or less strongly to the stroma protein. With beef cells they 
found that all the cholesterol and about 25 per cent of the cephalin 
could be extracted with dry ether; a further 25 per cent of the cephalin 
with wet ether, dry acetone ether or dry pyridine ether; and the 
remaining 50 per cent of the cephalin, all the lecithin and all the 
sphyngomyelin only with wet acetone ether or wet alcohol ether. 
Tables showing the total lipid and the relative amounts of different 
lipids present in the cells of a variety of animals may be found in 
PoNDER’s Hemolysis and Related Phenomena (1948); a more recent 
detailed analysis of the lipids of rabbit red cells is given by Burt and 
RossITErR (1950). For beef red cells PARPART and BALLENTINE calculate 
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that if the molecular weight of stroma protein is arbitrarily taken to be 
70,000 then each protein molecule will be associated with 32 molecules 
of cholesterol, 27 of cephalin, 7 of lecithin, and 4 of sphyngomyelin. 
Roughly similar ratios are found in other mammals. In most mammals 
the greater part of the cholesterol is unesterified and in sheep and rabbit 
all of it is. 

Unlike the stroma protein the stroma lipid seems to be in a state of 
fairly rapid flux. HAGERMANN and GovuLp (1951) used MC-labelled 
cholesterol to follow the exchange of free cholesterol between dog cells 
and plasma, and found the half-time for turnover to be about 1 hr. 
They point out that the mechanism of the exchange must be complicated 
since equalization of concentrations did not occur and cholesterol 
could not be washed out of the cells. The participation of a “‘plasma 
factor” is suggested by the work of RUHENSTROTH-BAUER (1953), who 
found that red cell cholesterol did not exchange with cholesterol in an 
artificial medium containing serum albumin and globulin. Morr, 
PERRONE, and Popsak (1951) measured the rate of incorporation of 
14C-labelled acetate into red cell cholesterol in rabbit and goat and 
deduced that the cholesterol had a half-life of 12-14 days. The exchange 
of lipids other than cholesterol has been studied by HAHN and HEVEsy 
(1942), who found that about 50 per cent of the phospholipid in rabbit 
cells exchanged with **P-labelled phospholipid in plasma in 4-5 hr, 
and, more recently, by ALTMAN (1953) who measured the rate of incor- 
poration of 14C-labelled acetate into several lipid fractions and concluded 
that sphyngomyelin had the highest turnover rate with a life span of 
3-4 days. 


4. Thickness from analytical studies 

The thickness of the unhydrated ghost membrane can be calculated 
from the analytical data if assumptions are made about the membrane 
density or about the arrangement of components in the membrane. 
PARPART and BALLENTINE (1952) assumed that the density of the 
membrane was equal to the density of the cell as a whole, and, from 
the weight of freeze dried ghosts and a knowledge of the total surface 
area, calculated the thickness to be 52 A. Ponprr (1948) assumed a 
value of 0-85 for the density of lipid and 1-3 for the density of protein 
and calculated that in human red cells the protein could contribute 
37 A to the thickness and the lipid 31 A. The figure of 31 A for the 
lipid agrees well with that obtained many years earlier and by quite 
a different method by GorTER and GRENDEL (1925). They made 
acetone extracts of washed red cells of dog, sheep, rabbit, guinea pig, 
goat and man; then spread the extracted lipid on the surface of water 
in a Langmuir tough, and, by sliding a movable boom, reduced the 
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surface area until the pressure area curve became very steep—pre- 
sumably because the lipid molecules reached the stage of close packing. 
The area at this point was noted and was in all cases found to be very 
nearly twice the area of the cells from which the lipid had been obtained, 
although the actual area per cell varied considerably from one species 
to another. To explain the constant ratio they supposed that a 
bimolecular layer of lipid existed in all the red cells studied. Such a 
layer would have a thickness of about 30 A. 


5. Leptoscope studies 

The thickness of a film deposited on glass, or any similar surface, can be 
determined from the intensity of light reflected from it if the refractive 
index of the glass, film and air (or other externai medium) are known 
(BLopcetr and LanemuirR, 1937; BLopeerr, 1939). This principle 
was used by WauGuH and Scumirt in their “analytical leptoscope,”’ an 
instrument designed to compare the intensity of light reflected from 
ghosts with that of light reflected from films of barium stearate of 
known thickness, both the ghosts and the barium stearate being 


deposited on glass of known refractive index. Since the brightness of 


the film compared with the glass depends on the relative refractive 
index of the two materials, it is possible to obtain information about 
refractive index as well as thickness. The authors claim that differences 
of 20 A in thickness and of 0-1 in refractive index can be detected. 
The procedure adopted by Wavueu and Scumitr was to place a 
saline suspension of cells on a slide rubbed with ferric stearate, to wash 
off the cells that did not adhere, and then to lyse the remaining cells 
by immersing the slide in a large volume of 10-4 M buffer for about 
1 min. A layer of egg albumin was spread over the surface of the 
buffer and the slide withdrawn through it, so that during drying the 
surface tension was reduced sufficiently for the cells not to be disrupted 
but was still sufficient to draw the cells out into flat dises. The period 
of immersion in the buffer was limited to 1 minute because, as described 
earlier, further exposure leads to loss of material from the ghosts. 
The results of thickness measurements on rabbit ghosts are shown in 
Fig. 1. These results are corrected for the thickness of the film of albu- 
min and for stretching of the cell during drying but assume, of course, 
that all the material present in the ghost was originally present in the 
cell membrane. Haemoglobin is a likely contaminant in view of the 
brief exposure to the haemolysing medium, but the authors consider 
that haemoglobin did not account for more than 20-30 A at most. 
Water is thought to have contributed very little since drying for several 
hours at 100°C led to a decrease in thickness of only 5 per cent. The 
presence of a small amount of trapped air is, however, quite likely, 
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and may account for the fact that the refractive index of the ghosts 
after extraction with organic solvents was lower than that of most 
proteins (cf. extracted ghosts, ~ = 1-504; haemoglobin, u = 1-544; 
insulin, « = 1-540). It probably also explains the discrepancy between 
the amount of lipid calculated from the decrease in thickness on extrac- 
tion with organic solvents and the amount determined by analysis of 
intact cells. In a personal communication quoted by PonpER (1955), 
WAUGH states that improved technique and allowance for trapped air 
and water reduces the thickness attributed to the cell lipid to 40 A, 


which agrees well with the analytical data. 





Thickness 








Fig. 1. Thickness of the envelope « 


the pH of the haemolysing solution. 


thickness before and after extractior 


Comparison of the periphery of the ghost with the centre showed 
the membrane at the centre to be 30-40 A thicker, and this difference 


was accentuated after extraction with organic solvents as though the 


periphery were relatively richer in lipid. It is not certain, however, 
how much the cell is distorted during drying, and the existence of a 


thicker centre is not confirmed by electron microscopy. 


6. Capacity measurements 

When a low frequency electric current is passed through a suspension 
of red cells, the cells behave as insulators and practically all the current 
flows in the external solution. At higher frequencies the impedance of 
the suspension is decreased because the membrane capacity allows 
current to pass through the membrane and through the conducting 
material within the cell. FRicKE (1925) showed, theoretically, that for 
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a suspension of spheroids each of which is composed of a well-conducting 
medium surrounded by a membrane of comparatively high resistance 
" 


C = C,aq | l1—— 
To 


where C is the specific capacity of the suspension. 
C, is the static capacity of 1 sq. cm of membrane; 
r, and r, are respectively the specific resistances of the suspension 


and of the suspending fluid; 
2q is the major axis of the spheroid; 
a is a constant depending on the shape. 

This formula holds only at frequencies at which the impedance of the 
static capacity of the membrane is high compared with the internal 
resistance; under certain conditions it also describes the behaviour of 
suspensions of homogeneous particles when polarization occurs at the 
surface. FRICKE (1925) and Fricke and Morsk (1925) showed that the 
formula gave a good description of the behaviour of sphered dog red 
corpuscles at frequencies between 800 and 4-5 million ¢c/s, and 
they attributed the capacity of the suspension to the static capacity 
of the membrane rather than to polarization, first, because it was 
independent of frequency over the range studied, and second, because 
it was unaffected by transferring the cells from defibrinated plasma to 
RINGER’s solution and even to isotonic sucrose. The static capacity 
was calculated to be about 1 uF cm~', and if the dielectric constant 
is assumed to 3—a reasonable value for lipids—this leads to a value 
of 33 A for the thickness of the insulating layer of the membrane. 
This estimate agrees extremely well with the idea of a bimolecular 
leaflet of lipid suggested by GORTER and GRENDEL. Recently, however, 
BoTHWELL, SCHWAN, and Wrercrnskr (1954) have studied the 
behaviour of red cell suspensions at much lower frequencies (10- 
1000 cycles/sec) and state that their results are not compatible with 
the existence of a continuous bimolecular lipid layer. 


7. Surface tension measurements. T'he lyophilic nature of the cell surface. 
Mupp and Mupp (1926) studied the behaviour of red cells at the 
interface formed by bringing a drop of red cell suspension in contact 
with a drop of oil. They argued that if a cell at the interface passed 
into the oil layer, then 


T' sw = T's0 < T ow 
and if it passed into the water layer, then 


Tso < Tsw + Tow 
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where 17'so, Z'sw, and 7’ow represent respectively the surface tension at 
cell/oil, cell/water, and oil/water interfaces. 

At interfaces between water and a variety of animal, vegetable, and 
mineral oils, they found that normal unsensitized cells of man, horse, 
sheep, guinea pig, rat, and dog passed sluggishly into the oil layer; 
cells carrying adsorbed antibodies passed into the water layer. They 
concluded that the surface of the normal cell was dominated by 
hydrophobic groups, and, since these groups are presumably the 
hydrocarbon chains of the stroma lipid, their results suggest that stroma 
lipid forms part of the free surface of the cell. The action of lipases 
on cell permeability (BALLENTINE and PARPART, 1940) supports this 
idea. 


8. Electrophoresis of red cells 

At the beginning of the century several workers attempted to obtain 
information about the nature of the charged groups on the surface of 
the red cell by measuring the rate of migration of cells in electric 
fields (Liziiz, 1903; Grrarp-Manoin Henri, 1904; HOBeErR, 1904). 
ABRAMSON gives the following figures for the mean velocities of 
mammalian erythrocytes in «/sec per V per cm. 

rabbit sloth pig opossum guinea pig man cat mouse re dog 
0-55 0-97 0-98 1-07 L-1] 1-31 +39 1-40 45 1-65 
The surprisingly large variation between different species is too great 
to be explained by differences in size and shape and presumably 
reflects differences in surface composition. 

The rate at which a cell of certain size and shape migrates in a solution 
of given viscosity in a field of fixed strength depends on the net charge 
at the surface of the cell, and this is determined not only by the charged 
groups which form an integral part of the cell surface but also by ions 
which are adsorbed on the surface—the solvated layer—and by that 


part of the ion cloud surrounding the charged particle which lies 


within the theoretical ‘‘surface of shear.’”’ The mobility therefore 
varies with the pH and the ionic strength of the suspending fluid. 
Measurements of the electrophoretic mobility of human red cells as a 
function of ionic strength at constant pH were made by FuRcHGorTT 
and PonDER (1941). They suspended red cells in mixtures of glucose 
and saline, buffered with phosphate, and found that at ionic strength 
of 0-02 or more the behaviour of the cells could be described by GoRIN’s 
formula for particles with a smooth surface and large radius of 
curvature: 


l 
o r; | (see ABRAMSON, GORIN, and Moyer, 1939) 
K 


where V is the mobility (corrected for viscosity) ; 
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o is the charge density; 
x is the ionic strength; 
r, is the average radius of the ions in the diffuse double layer. 


U 
At ionic strengths of less than 0-02, deviation from the formula 
occurred, presumably due to change in charge density, although a 
change in the texture of the surface from smooth to rough could have 


been responsible. 


£ 
U 
> 
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.* 
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Intact cells 
Stroma lipid’ 


e “Stroma protein’ 


Fig. 2. Mobility of intact human red cells, “‘stroma protein” and ‘‘stroma 


lipid’”’ as a function of pH at ionic strength 0-172. (FURCHGoTT and PonpER, 
1941, 


Of greater interest, is the variation of mobility with pH at constant 
ionic strength. This was determined by FuRcHGorr and PONDER at 
x = 0-172, for intact cells, for “‘stroma protein” and for “stroma 
lipid.”’ The “‘stroma protein”? was the material left after ghosts pre- 
pared by Parpart’s CO, flocculation method had been extracted 
with a mixture of three parts of alcohol to one part of ether. The 
“stroma lipid’ was obtained by evaporation of an alcohol ether 
extract of intact cells. Fig. 2 shows the results obtained. The low 
isoelectric point of the cells and the flatness of the curve above pH 7 
were interpreted by FuRcuHGottT and PONDER as evidence that the cell 
surface was dominated by strongly acidic groups, and in view of the 
high cephalin content they suggested that these might be the phosphate 
groups of cephalin. These results have recently been criticized by 
BATEMAN and ZELLNER (1956) because, as stated by FurcuHcorT and 


») 
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PoNnDER, the mobility of cells at pH < 4 decreases rapidly with time, 
and FurcuGeott and PonpeER did not show that the changes were 
reversible at the time at which the mobilities were measured. BATE- 
MAN and ZELLNER, using guinea pig cells, attempted to overcome this 
difficulty by working at a very much lower ionic strength (x 0-007) 
where, after an initial and reversible decrease in the first 8 min, the 
mobility remained fairly steady for about 20 min. Measurements 
of mobility as a function of pH during this 20-min period showed 
that the cells had an isoelectric point of 5 and that the dependence of 
mobility on pH resembled that of FURCHGOTT and PONDER’s protein 
fraction. The results of BATEMAN and ZELLNER confirm the much 
earlier work of CoULTER (1920), who measured the mobility of red 
cells in isotonic sucrose adjusted to various pH levels by the addition 
of hydrochloric acid. CovuLTEeR obtained S-shaped curves with iso- 
electric points 4:5 and 5. Under the conditions used by BATEMAN and 
ZELLNER and by Courter, then, the surface seems to be dominated 
by weakly acidic groups probably of stroma protein. There is, however, 
no real discrepancy between the work of these authors and that of 
FuRCcHGOTT and PONDER, because the ionic strength used by BATEMAN 
and ZELLNER and by CouLTER is well below 0-02, at which FURCHGOTT 
and PonpER found evidence of a change in surface charge. What is 
not clear is whether this change in charge is due to some reorientation 
of charged groups in the membrane or merely to adsorption of released 
protein. The same uncertainty exists about the rapid decrease in 
mobility at high ionic strength and pH t, 


9. Polarized light studies 
In 1936, Scumirt, Bear, and PoNDER showed that washed rabbit red 
cell ghosts suspended in 1 per cent sodium chloride solution showed 
faint negative birefringence.* Mixing the suspension with an equal 
quantity of water increased the negative birefringence; increasing 
the refractive index of the medium with glycerol or urea led to the 
appearance of a strong positive birefringence. If the suspension was 
mixed with butyl or amyl alcohol the negative birefringence was 
increased and the magnitude of the reversal of birefringence with 
glycerol or urea was decreased. These results were interpreted as 
follows: 

The weak negative birefringence in saline was supposed to be the 
net result of negative form birefringence of tangentially oriented protein 


and positive micellar birefringence of radially oriented lipid. The reversal 
with glycerol was attributed to decrease in the form birefringence of 


* ScuMITT, BEAR, and PONDER use a radial axis and MrrcHIson (1953 
axis to determine the sign of birefringence. The choice is arbitrary but to avoi 
fusion a radial axis will be used throughout this discussion. 
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the protein as the refractive index of the medium was increased; 
conversely the increase in the negative birefringence with water was 
supposed to be due to decrease in refractive index of the medium, and 
possibly also to some disorientation of the lipid. Butyl and amyl 
alcohols were supposed to act by disorienting the lipid. The idea of 
radially-oriented lipid and tangentially-oriented protein fits in well 
with the observations of GoRTER and GRENDEL (1925) and of FricKE 
and Morse (1925) and is, moreover, similar to the arrangement 
believed to exist in the myelin sheath of nerve. The weakness of 
ScumiTT, Berar, and PONDER’s evidence is that the only reason for 
attributing the positive birefringence to lipid is the decrease in positive 
birefringence produced by butyl and amyl alcohols, and, as pointed out 
by Mrircutson (1953), these are capable of denaturing protein as well 
as disorienting lipid. Indeed, Mircutson claims that similar results 
may be obtained with formaldehyde, which presumably acts on the 
protein. 

ScumitTtT, BEAR, and PONDER’s work gives information about the 
orientation of birefringent materials but not about their position in 
the cell. An attempt to elucidate their position as well as their orienta- 
tion has been made by Mircutson (1953) using a method developed by 
Swann and Mircuison (1950). Ghosts immersed in suitable media 
were photographed under the polarizing microscope. The intensity 
of the image at different distances from the circumference was 
measured with a densitometer, and the optical retardation at each 
point calculated from the readings. A graph of retardation against 
radial distance from the edge of the cell was then drawn, and this was 
compared with theoretical patterns of retardation given by various 
chosen arrangements of birefringent material. The theoretical patterns 
could be calculated only for spherical or cylindrical cells, and only if 
the surrounding medium had the same refractive index as the membrane, 
but these two conditions were satisfied by lysing cells in 100 volumes 
of glycerol, which has a suitable refractive index and which causes 
cells to become spherical. Fig. 3 shows a typical curve of retardation 
against radial distance. Mrrcuison found that such curves could not 
be fitted by any membrane of uniform refractive index, but that they 
did resemble the theoretical curve given by a membrane with a 40 A 
layer of material with a strong positive birefringence outside a 5000 A 
layer of material with a positive birefringence about 100 x weaker. A 
number of functions of thickness and birefringence would probably 
have fitted equally well, but the essential point was that it was necessary 
for the birefringence to extend inwards for 5000 A and to be much 
greater in magnitude near the surface. Ghosts in water showed an 
outer ring of positive birefringence and inner ring of negative bire- 
fringence (Fig. 3), but the retardation pattern did not extend nearly 
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so far from the surface as it did with cells in glycerol, presumably 
because the positive intrinsic birefringence was cancelled by negative 
form birefringence. 

To explain his findings Mrrcu1son postulated that there was a 40 A 
layer of radially-oriented lipid at the surface, and, underlying this, a 
5000 A layer of protein with the amino-acid backbones oriented 
radially, to give positive intrinsic birefringence, and with the micelles 


arranged tangentially, to give negative form birefringence. The diffi- 
culty with this model is not the orientation of the materials but the 
great thickness. To reconcile the model with the analytical and lepto- 


scopic data, it is necessary to suppose that the protein layer contains 





Retardation 





Radial distances 
Fig. 3. Optical retardation of a human red cell gh 
distance from the edge. (MircHiso> 


about 96 per cent of water, and although MoskowiTz and CaLvIn 
(1952) found that elinin could form gels in solutions almost as dilute 
as this, the only direct estimate of the degree of hydration of ghosts 
suggests a figure of about 67 per cent (PONDER, 1954). Mrrcnison 
thought it unlikely that shift of the cell relative to the microscope 
objective during the photographic exposure caused any broadening of 
the diffraction pattern, but although he checked that there was no 
steady drift, by taking successive exposures separated by a time 
interval, small vibratory movements might have remained undetected. 
PONDER (1955) has suggested that some of the birefringence might 
have been due to haemoglobin-lipoprotein complexes. Free haemo- 
globin was thought by Mircuison to be present in too small amount 
to matter, because no anomalous colours were seen on compensation, 
and because his results did not appear to be much affected by haemo- 
globin-content of the ghost. PoNnpDER, however, states that a combina- 
tion of phase contrast and polarization microscopy shows that the 
birefringence of ghosts in glycerol becomes less as haemoglobin is 
more completely removed. 
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10. Electron microscopy 

Low resolution studies of the red cell ghost were first made by Zwickau 
in 1941. Since then there have been improvements both in resolution 
and in the methods used to prepare the ghosts for microscopy, and 
studies have been made of thin sections of ghosts (BERNHARD, 1952; 
Wo cpers, 1955), and of moulages (BrEssts et Bricka, 1949; PoNpDER, 
Brssis, et Bretron-Gorius, 1952; Coman and ANDERSON, 1955). 
A useful review of the earlier work is that of Bressis et Bricka (1950); 
more recent work is reviewed by PONDER (1955). 

Figs. 4 and 5 show high-resolution photographs of intact human 
red cell ghosts taken by H1i~LtrerR and HorrmMan (1953). The ghosts 
shown in these photographs were prepared by passing cells through a 
series of solutions of decreasing tonicity, and then centrifuging them 
on to clean collodion membranes. In air-dried or freeze-dried specimens 


shadowed with chromium the surface appeared to consist of a mosaic 


of plaques, each plaque being roughly a flat cylinder 30 A high and 200 A 


in diameter; in unshadowed preparations a fibrous component was 
also visible, the fibres being about 20 A wide and 200 A long. The 
plaques and fibres were made more distinct by treatment with 
phosphotungstic acid or osmium tetroxide, although the latter had 
more effect on the plaques than on the fibres. When ghosts were treated 
with ether the plaques became completely detached and could be 
seen lying about on the membrane. Recalling the experiments of 
Moskowitz and Carvin (1952), HiL~treER and HorrMan tentatively 
identify the plaques with the elinin fraction of these workers, and 
suppose that ether acts by dissolving a lipid or lipoprotein material by 
which the elinin plaques are attached to an underlying protein network. 
The finding of A, B, and Rh activity in the separated plaques (HoFrF- 
MAN, personal communication) is rather strong evidence of their 
identity with the elinin fraction. The plaque size seemed to vary from 
individual to individual, and studies on man, rat, rabbit, and groundhog 
showed characteristic variation from species to species. The picture 
of the red cell surface given by Hr~iier and HorrMan has recently 
been confirmed by high resolution studies of ComaAN and ANDERSON 
(1955) on chromium and carbon replicas of red cell ghosts. 

From the length of the shadow, and the shadowing angle, HILLIER 
and HOFFMAN estimated the thickness of the ghost membrane to be 
about 50 A, but their method of preparation may have removed 
appreciable amounts of surface material as the ghosts were exposed 
for fairly long periods to solutions of low ionic strength. The same 
criticism applies to the very similar results obtained by CHALFIN (1956) 
from study of thin sections of rabbit cells. On the other hand, the very 
high estimates of Bressis et Bricka (1949), BERNHARD (1952), and 





Fig. 4 Human red cell ghost treated with phosphotungstic acid. Air dried. 


Shadowed. Magnification x 75,000. The plaques visible in this photograph 


are 100—150 A in diameter and are smaller than those usually found in human 
ghosts, which have a diameter of 150-250 A. (Hiturer and Horrman, 1953.) 





= 
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Fig. 5a Human red cell ghost extracted with alcohol-ether-chloroform after 
treatment with phosphotungstie acid. Air dried. Shadowed. Numerous plaques 
can be seen lving free on the collodion. The plaques which are partially visible 
within the boundary of the cell are those on the underside trapped between the 
remaining cell membrane and the collodion film. (HiLLieR and HOrrmMan, 1953. 


Fig. 56 Human red cell ghost treated with phosphotungstie acid. Air dried. Un- 
shadowed. Magnification 144,000. Close inspection shows the presence of 
numerous small fibres which in the photograph appear about 0-3 mm wide and 
a few mm long. From a point to point comparison of this photograph, which is 


slightly under focus, with an in-focus photograph, and with photographs taken 


at different electron optical magnification but with the same photographie grain 

size, HtLLER and HorrMan conclude that the fibres are ‘real structures at least 

insofar as they exist in the electron microscope specimen.” (HILLIER and 
HorrMan, 1953.) 
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Latta (1952)—Table 1—can be reconciled with the analytical data 
only by assuming considerable contamination with haemoglobin. 


11. Conclusions 

From the various lines of evidence given above, it is clear that the red 
cell membrane has a highly organized structure, that it consists largely 
of lipid and protein, mostly associated together as lipoprotein, that a 
variety of enzymes are incorporated in it, and that both lipid and 
protein constituents contribute to the free surface. The various 
estimates of its thickness are summarized in Table 1; of these the 
highest are almost certainly due to contamination with haemoglobin, 
the lowest probably represent the thickness of the membrane after 
considerable amounts of material have been leached out. This is all 
that can be said with any degree of certainty. From time to time, 
however, more detailed hypothetical structures have been proposed, 
which attempt to incorporate the results of analytical and of physical 
investigations, and, at the same time, to provide a basis for the under- 
standing of the permeability properties. 

Perhaps the most familiar of these theoretical structures is that of 
DAvson and DANTELLI (1943), who proposed a bimolecular leaflet of 
lipid, with unrolled protein lying tangentially along the polar groups 
and globular protein sitting on the surface. This structure, which was 
based largely on the observations of GoRTER and GRENDEL (1925), 
Scumitt, BEAR, and PONDER (1936) and of FRiIcKE (1925), gave a 
satisfactory explanation of the high permeability to lipid soluble 
substances, but accounted less well for the permeability to anions, to 
water, and to a large number of small molecules (urea, formamide, 
methyl alcohol) which are capable of forming hydrogen bonds (STEIN 
and DANIELLI, 1957). To explain the permeability to both polar and 
non-polar materials, a number of “‘mosaic’’ hypotheses have been put 
forward (PONDER, 1948; PARPART and BALLENTINE, 1952; STEIN and 
DANIELLI, 1957). The essence of these is that the membrane contains 


fatty areas and protein areas, perhaps with aqueous channels, and that 


the non-polar substances penetrate the former and the polar substances 
the latter. Recently, however, SCHULMAN (1957) has questioned the 
need for “‘holes”’ in the fatty layer, pointing out that evaporation from 
a water surface will occur rapidly through an oil layer several milli 
metres thick, although it is greatly slowed by a condensed monolayer 
of long chain alcohol only 10 A thick. If the hydrogen bonding of the 
polar groups of the alcohol is prevented by substituting an ester group 
for the -OH, or if close packing of the hydrocarbon chains is prevented 
by the introduction of double bonds in the cis configuration, evapora- 
tion proceeds rapidly. The classical experiments of OSTERHOUT (1940) 
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Estimates of membrane thickness. Based partly on a table by 


Author 


Lipid 


GORTER and GRENDEL (1925) 


FRICKE (1925) 
WavuGH and Scumitt (1940 


PONDER (1948) 


PARPART and DZIEMIAN 
(1940) 


Dry prote in 
WauGH and Scumirrt (1940 


PONDER (1948) 


Total dry thickness 
WauGH and Scumirt (1940) 


PONDER (1948) 


PARPART and BALLENTIN! 
(1952) 

RUHENSTROTH-BAUER und 
ScumiptT (1954) 

ZWICKAU (1941) 

HiItiieER and HorrMan (1953 

BeEssIs et Bricka (1949 


BERNHARD (1952) 

WoLpeErs (1954) 

Kautz and De Marsu (1954) 
Latta (1952) 


CHALFIN (1956) 


Mircuison (1953). 


Method 
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Several mammals | Spreading on surface 
Dog 

Rabbit: pH 7-4 Leptoscope 
pH 6:1 


thoroughly washed 


Leptoscope 


Leptoscope 

\nalytical data 
Analytical data 
\nalytical data 


ghosts pH 6-1 
Man 
Rabbit 
Man 
Rabbit Analytical data 
Rabbit: pH 7-4 
pH 6:1 
thoroughly washed 
ghosts pH 6-1 Le 
Man 
Rabbit 


Le ptoscope 
Le ptoscope 
ptoscoy e 
Analytical data 


Analytical data 


Rabbit: pH 7-4 
pH 6:1 
thoroughly washed 
ghosts pH 6-1 
Man 
Rabbit 
Man 


Leptoscope 


Le ptos¢ ope 


Le ptoscope 

Analytical data 

Analytical data 

Analytical data 

Dog Interference 
microscopy 

Man Klectron microscopy 
shadowing 

Man shadowing 

Several mammals shadowing of 
moulages 

Man thin section 

Man thin sections 

thin sections 

shad- 


thin sections 


owed after remo- 


Rabbit 


val of imbedding 


materia! 


Rabbit thin sections 


Capacity measurements 


MEMBEANE 


Th ickness 


in A 


190 
20 


150-240 


200—300 
50 


a. 1000 
300-800 
150-300 
200-300 


140-1000 
60-70 


on the carriage of potassium ions across an oil layer through the action 
of guiacol may also be mentioned. The need for reformulation of our 
ideas about the permeability of fatty materials to ions is emphasized 
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by the recent remarkable experiments of Hock1ne (1955), who showed 
that Na+ and K* ions could cross films of amyl! alcohol separating two 
aqueous solutions, and that the rate of penetration was greatly 
increased by the presence of surface active anions or cations. 

Any argument about membrane structure which is based on the 
permeability properties is open to one great objection, that is, that the 
permeability may be a function of a very small fraction of the total 
area of the membrane. The chemical analyses and most of the physical 
methods of investigation—the study of the electrical properties of the 
membrane may be an exception—give information about the structure 
of the membrane as a whole, and this information may be totally 
irrelevant to that part of the membrane responsible for the penetration 
of any particular substance. That this is not merely a theoretical 
objection is suggested by work on the inhibition of glycerol entry by 
cupric ions (JacoBs and Corson, 1934), of chloride entry by tannic 
acid (EDELBERG, 1952) and of potassium entry by scillaren (GLYNN, 
1957). 


III. Types or Ion MovEeMENT 


1, Definitions 

The driving force for any movement of ions across a membrane may 
come from the kinetic energy of the ions themselves or from the 
metabolism of the cell. In the present review the term active transport 
will be reserved for ion movements that are driven by metabolic energy ; 
all other ion movements will be called passive. 

The only conclusive proof of active transport is the occurrence of a 
net movement of ions from a lower to a higher electrochemical potential. 
It is, of course, conceivable that cell energy might be used to drive ions 
down an electrochemical-potential gradient, but it would be difficult 
to prove that energy was being supplied except by altering the con- 
ditions so that the movement was “uphill.” There are, however, a 
number of features which, though not proof of active transport, are 
commonly associated with it, viz. (i) the flux is often a non-linear 
function of concentration, (ii) the temperature coefficient is usually 
high, (iii) competition between chemically similar substances sometimes 
occurs, (iv) small differences in the structure of the penetrating sub- 
stance lead to large differences in the rate of penetration, (v) penetration 
usually depends on the presence of metabolizable substrates and is 
often inhibited by metabolic poisons. These features point to close 
participation of the membrane in the ion penetration rather than to 
active transport. 

Passive ion movements may conveniently be divided into those 
which resemble free diffusion in that the flux is proportional to the 
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driving force, and those which do not. The driving force is, by defini- 
tion of a passive flux, simply the electrochemical potential gradient, 
so for free diffusion 

du 


M = kAC — 
dx 


where / represents flux, A the area of membrane, C the concentration, 
du/dx the electrochemical-potential gradient and k is a constant. If 
the membrane is assumed to be isothermal and differences in hydro- 
static pressure are negligible 

duu aoe hy oC RT 


dx GC: er 


where y is an activity coefficient, y is the electrical potential and the 
other symbols have their usual meanings. In practice the conditions 
prevailing along the transport path are never known, and a movement 
of ions is usually thought to occur by diffusion if there is no net “uphill” 
movement and if the flux in a given direction is proportional to the 
electrochemical potential of the ions in the solution which they are 
leaving, i.e. 


M k(RT log, yC + zFE) 


where E represents the membrane potential. 

This criterion is useful although, strictly, proportionality between 
the flux and the electrochemical potential gradient is neither a necessary 
nor a sufficient condition for establishing that a flux is brought about 
by free diffusion. It is not necessary because change in the concentra- 
tion or potential gradient might modify the properties of the mem- 
brane so that proportionality did not exist even where free diffusion 
was responsible. It is not sufficient because other transport systems 
might give rise to a similar relationship, e.g. the amount of material 
carried by a carrier far from its saturation point would be proportional 
to the concentration. 

A more useful test is the analysis of flux ratios suggested by Ussrna 
(1950). Usstne showed that where ions move across a membrane 
solely under the influence of their own kinetic energy, then, provided 
that the likelihood of penetration by each ion is unaffected by the 


presence of other ions of the same species, the ratio of the fluxes in the 
two directions will be equal to the ratio of the activities in the two 
solutions if allowance is made for the membrane potential. More 


formally: 





TYPES OF ION MOVEMENT 


The advantage of this test over that just described is, first, that it is 
more stringent, and, second, that since the flux ratio can be measured 
under one set of conditions the question of change in the properties of 
the membrane during the experiment does not arise. Deviation of the 
flux ratio from that predicted by the Usstne equation indicates that 
the condition of independence used by Usstne in deriving the equation 
does not exist. Deviation may be in either direction and examples of 
both types will be described later. 


2. The state of the intracellular ions 

Differences between the concentrations of ions in intra- and extra- 
cellular fluid may be due to the special properties of the membrane or 
to ion binding in the cell interior; if, through ion binding, the activities 
inside and outside the cell are the same, the membrane need have no 
special properties. In red cells the very high concentration of haemo- 
globin (34 per cent) suggests that the activities of the intracellular ions 
might be less than one would expect from their concentrations and the 
ionic strength. Nevertheless, the evidence against the idea that ion 
binding plays a large part in determining the distribution of ions 
across the cell membrane is overwhelming. Briefly it is as follows. 

(i) The distribution ratios of chloride, bicarbonate and hydroxyl 
ions across the membrane are the same and are therefore presumably 
determined simply by the distribution of “‘non-penetrating’”’ ions 
according to the Donnan formula. If ion binding occurred the three 
ions would have to be bound to the same extent. 

(ii) The potassium distribution ratio ({A,/Ao9]) is about 20, and the 
sodium distribution ratio about 1/20. Ion binding could explain the 
high cell potassium but not the low cell sodium unless it were postulated 
that a very large fraction of cell water was bound. 

(iii) BRopsky, REHM, and McInrosu (1953) showed, by freezing 


point determinations, that there is osmotic equilibrium between red 


cells and plasma. HL (1930) found that to account for the osmotic 
pressure of the cell contents it was necessary to suppose that the major 
electrolytes were entirely in free solution unless much of the cell water 
was bound. From changes in vapour pressure of cell suspensions when 
water, sodium chloride or potassium chloride was added, he calculated 
that not more than about 8 per cent of the cell water could be bound. 
If haemoglobin in the cell binds as much water as it does in the crystal- 
line state the fraction of water bound would be about 16 per cent, and 
according to DRABKIN (1950) this would just explain the discrepancy 
which he found between the total concentrations of osmotically active 
particles on the two sides of the membrane. 

(iv) By applying a theoretical formula to their data on the impedance 
of red cell suspensions to frequencies between 800 and 4} million cycles, 
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Fricke and Morse (1925) were able to estimate the impedance at 
infinite frequency. This should equal the value of the d.c. resistance 
if the cells were without their membranes. The specific resistance of 
the cell interior was calculated to be about 3-5 times the specific resis- 
tance of the serum—a value compatible with the idea that the chief 
ionic constituents of the cell are free in a strong solution of haemoglobin. 

(v) lon binding does not explain a number of results obtained by 
flux measurements. For example, sodium efflux is greater when 
potassium is present in the suspension medium (HARRIS and MarzELs, 
1951; GuLynn, 1956). It is difficult to see how the potassium concen- 
tration outside could affect the binding of sodium inside. 

(vi) In spite of earlier reports (SoLoMon, Hap, and Prerers, 1940; 
STRATMAN and WriGcut, 1948) that haemoglobin was able to bind 
small quantities of sodium ions, Morris and Wricut (1954) now find 
no evidence of binding of sodium or potassium. They attribute the 
earlier findings of SrRAaTMAN and Wricurt to bacterial contamination. 
The best evidence that the distribution of sodium and potassium does 
not depend on specific binding by haemoglobin is the fact that ghosts 
resemble intact cells in their ability to accumulate potassium against 
a concentration gradient (STRAUB, 1954; GARDos, 1954). 

(vii) An anomalous distribution of sodium and potassium similar to 
that found in red cells seems to be a feature common to most cells and, 
presumably, it has a common cause. The idea that intracellular 
binding is responsible for the distribution has been shown to be 
untenable in a number of tissues. Measurements of the rate of migration 
of 4*K inside Sepia axons (HODGKIN and Krynes, 1953) and frog muscle 
(HARRIS, 1954b) under the influence of longitudinal voltage gradients 
showed that the mobility of K+ ions was almost the same inside the 
cell as in the medium. The radial diffusion of Na* ions in squid axon 
has recently been studied by Hopakrn and Keynes (1955a), using a 
micro-injection technique, and shown to be almost as rapid as diffusion 
in free solution. These findings would be compatible with the existence 
of ion binding if there were only very slow exchange between the bound 
and unbound ions, but flux measurements show that the intracellular 
sodium and potassium behave as single compartments (HARRIS and 
Burn, 1949; Keynes, 1951: Keynes, 1954; CREESE, 1954). 


IV. ANton PERMEABILITY 
1. Methods of study 
Some measure of the permeability of the red cell membrane to an 
anion X~ may be obtained by placing red cells in a solution containing 
X~ ions and measuring the appearance of X in the cells, or its disappear- 
ance from the solution, at suitable intervals of time. In the simple form 
described the method has two grave drawbacks. First, without 
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special methods the time taken for the separation of the cells from the 
suspension medium is long compared with the time taken by many 
anions to come to equilibrium across the membrane, so that it is possible 
to follow the uptake of only the most slowly penetrating anions. This 
difficulty can be overcome by the use of methods which achieve rapid 
mixing and separation of the cells (DrRKEN and Mook, 1931; 
TostTEson, 1956), or by estimating the ion concentration in the sus- 
pending solution without separating this from the cells (LUCKNER, 
1939), or by measuring changes such as cell swelling or pH which are 
secondary to the ion shift but which are easier to measure (HOBER, 
1936; GREEN, 1949). The second drawback is that the test solution 
will, in general, affect the electrical potential across the membrane 
and so alter the electrochemical potential gradient along which the 
penetrating ion moves. The electrical potential difference across the 
red cell membrane has not been measured, and is unlikely to be 
measured with conventional techniques because the cell is so small 
that the quantity of ions diffusing from the tip of, say, a 3 M potassium 
chloride electrode would completely change the ion concentration 
inside the cell within a very small fraction of a second. Nevertheless, 
since measurements of Cl-, HCO;, and H* ion distribution across the 
membrane after the addition of any of these ions show that 

[Cl-], [HCO], ([H*1, 

[Cl], [HCO;], [H+], 


it seems probable that the potential is a simple Donnan potential 
whose magnitude # is given by 
RT 
E = — log,r. 
In human cells r is about 1-4 so that the potential must be about 9 mV 
with the outside of the cell positive. If cells are mixed with a Ringer’s 
solution in which part of the chloride is replaced with some other ion 
X- then the Donnan equilibrium will be disturbed and the potential 
will depend on the relative rates of penetration of X~ and Cl-. If the 
ions are assumed to move in a uniform field GOLDMAN’s (1943) equation 
gives (HopGKIN and Karz, 1949), 
Y4 > ‘ IryW ) [ ‘ 
E Ri L log Po [Cl] I PIX], Pyco, LHCOs], 
- 7 de > { tT) ) | \ ] 
I Po [Cl]; + PAX]: + Puco, LHCO3], 
where P,,, Px,. . . represent the permeabilities of the membrane to 
Cl-, X-. .. If the rate of penetration of X~ is very slow compared 
with the rate of penetration of chloride then 
RT [Cl], 
—_— - ea re 


y O88, ; ‘ 
i [Cl], 
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In this case X~ will slowly enter the cell in exchange for Cl- ions and 
the potential at any moment is given by the chloride ratio. It is 
therefore possible to relate the rate of entry of X~ at each moment to 
the driving force at that moment, which is 
an - ieee Ae 
RT log, yA X)], + 2kT log, — 
[Cl], 
(see, for example, SCHWIETZER and Passow, 1953). 
When the membrane is not very much more permeable to Cl- than 
to X~ the permeability can be measured satisfactorily only by the use 
of tracers under conditions of equilibrium, when the potential can be 


calculated. 


2. Penetration of chloride and bicarbonate ions 

The shifts of chloride and bicarbonate between cells and plasma 
which occur in the lungs and in the tissues, and the role which these 
shifts play in carbon dioxide and oxygen carriage and in blood buffering, 
are described in standard textbooks of physiology. Here we are 
concerned only with the way in which Cl- and HCO; ions get through 
the membrane. 

DIRKEN and Mook (1931) designed an apparatus in which a suspen- 
sion of corpuscles could be rapidly mixed with CO,-saturated serum 
and the mixture then passed down a tube fitted along its length with a 
series of filters. The filters were of sufficient fineness to retain all the 
cells but allow through some of the suspending fluid. In the mixing 
chamber CO, enters the cells and, under the influence of carbonic 
anhydrase, combines with water to form carbonic acid, which then 

(HCO; |, 


e “— ratio is 
[HCO], 


partly dissociates to form H+ and HCO ; ions. Th 


upset and HCO, ions pass out of the cell. This leaves the inside of the 


cell relatively more positive and therefore Cl~ ions enter until a new 
equilibrium is established with 
[HCO3], [Cl 


[HCO;},  [Cl-] 


Knowing the rate of flow of fluid through the apparatus and the 
distance between successive filters it is possible, from analyses of the 
several filtrates, to calculate the time course of the exchange of HCO; 
for Cl- ions. DrkeEN and Mook found that at room temperature the 
exchange had a half-time of about 0-2 sec, which is equivalent to a 
permeability constant of about 2 x 10-4cm sec~!. It is not possible, 
however, to say whether the chloride or bicarbonate ion penetration 
is the rate limiting step, and the extent to which the potential deviates 
from the equilibrium value during the exchange is unknown. 
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Rather similar results were obtained by LucKNER (1939), who used 
a Ag/AgCl electrode to measure changes in the chloride concentration 
of the fluid surrounding suspended red cells when the partial pressure 
of CO, was suddenly increased. By working with a layer of cell suspen- 
sion only 12 uw thick he was able to avoid errors due to the length of 
time required for the diffusion of the CO,. He found that the loss of 
chloride could be described by a single rate constant, and that at 37°C 
the half-time was 0-1—0-12 see (equivalent to a permeability constant 
of about 4 x 10-4cmsec™'). When the partial pressure of CO, was 
lowered, the exchange of cell chloride for extracellular bicarbonate 
could be described by the same rate constant. From additional experi- 
ments at 10° and at 24° he estimated that the Q,, for the reaction was 
between 1-2 and 1-4. As in DirRKEN and MooK’s experiments, the rate 
limiting step and the potential changes were unknown. 

An attempt to measure chloride permeability by measuring the 
uptake of °6Cl was made by Love and Burcu (1953), but as the shortest 
time of exposure which they were able to use was 2 min 17 sec their 
results give only a very low lower limit for the magnitude of the 
permeability. 

Very recently TostEson (1956) has revived DrrKEN and Mook’s 


dialysis flow method and by using it in conjunction with tracers has 


been able to measure chloride permeability under equilibrium con- 
ditions. He finds that efflux of **Cl from beef red cells at 25°C is a simple 
exponential function of time; that is, the intracellular chloride behaves 


as a single well mixed compartment. The half-time was 0-225 sec, 
which is equivalent to a permeability constant of 1-88 10-4 em sec7!}, 
The flux of chloride across the membrane during the experiment was 
11-4 Mem-*sec"!. Very similar results were obtained with human 
red cells. 

TOSTESON also measured the rate of efflux of ®*Br, I, and 18F from 
cells that had been washed in a Ringer’s solution to which traces of 
these ions had been added. He found that the rate constant for °*Br 
was about 1/4, for ™!4I about 1/30, and for °F about 1/7 of the rate 
constant for *°Cl, and he points out that these differences can be correl- 
ated neither with the limiting ionic conductances at infinite dilution nor 
with the crystal radii. To see whether the flux was proportional to 
the concentration gradient and whether the different halide ions inter- 
fered with each others’ movements, he compared the efflux of SCI, 
8Br, 21[ and FEF from normal cells containing traces of these ions 
with the efflux from cells in which bromide, iodide or fluoride formed 
the major anionic constituent. The rate constants for efflux of **Br 
and }°![ appeared to be the same whether the chief anion was chloride 
or the labelled ion. The rate constant for the efflux of “Cl was little 
affected by replacing most of the chloride by bromide but was reduced 
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to about 1/6 of its normal value if iodide formed the chief anion, 
possibly because iodide ions are adsorbed by the cell and lower the 
positive charge in anion permeable channels. When the major anion 
is not chloride the potential will, of course, depend on the relative 
rates of penetration of chloride and the internal anion, but since I- 
penetrates less readily than Cl~ the outside of the cell should be more 
positive if iodide is the internal anion and this change is in the wrong 
direction to explain the decrease in the rate constant for iodide efflux 
under these conditions. With 1*F the rate constant for efflux was 
greater when fluoride formed the chief internal anion, probably because 
the fraction of fluoride bound was then smaller. 

Fraction of the cell surface permeable to chloride. Although the 
permeability of the membrane to chloride is very high compared 
with its permeability to cations, it is very low compared with the 
permeability of an equal thickness of aqueous solution. TosTESON 
(1956) has calculated that the effective conductance of the membrane 
for chloride ions is about 10-* x the specific chloride conductance of a 
solution of 0-1 M potassium chloride, so that, if the conducting elements 
in the membrane had a chloride conductance equal to that of 0-1 M 
potassium chloride, only one millionth of the surface area of the cell 
need be involved in chloride penetration. There is evidence that the 
area involved is in fact very small. When cells are added to an isotonic 
solution of ammonium chloride they swell, and, since ammonia can 
enter very readily, the rate of swelling is determined by the rate of 
exchange of Cl- and OH~- ions (Jacoss and STEwarRT, 1942). Using 
this principle, EDELBERG (1952) studied the inhibitory effect of tannic 
acid on chloride penetration (JAcoBs, STEWART, and BuTLER, 1948), 
and found that the haemolysis time could be prolonged by 17 per cent 
by a quantity of tannic acid that was sufficient to cover only 0-66 per 
cent of the cell surface. He concluded that only a small fraction of the 
total area of membrane was permeable to chloride ions. 


3. Penetration of phosphate 
Investigation of the permeability of the red cell membrane to phosphate 
is complicated by the fact that, within the cell, the phosphate may be 
built into a whole series of interconvertible compounds whose con- 
centrations and turnover rates vary widely with changes in the 
external conditions. The distribution of phosphate, unlike that of 
chloride, bicarbonate and hydroxy] ions, does not seem to be determined 
simply by a Donnan equilibrium. Estimating phosphate in a large 
number of cell samples, MUELLER and Hastines (1951) found the 
ratios 

[HPO,~]; [H,PO,~], 

[HPO, *], [H,PO, -], 
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deviated widely and in both directions from the Donnan ratio. These 
findings do not prove that phosphate is subject to active transport, 
but are probably due to the fact that the rate of utilization or release 
of inorganic phosphate within the cell may be rapid compared with 
its passage, in whatever form, across the membrane. Whether the 
ratio deviated in one direction or the other probably depended on 
whether phosphorylation or dephosphorylation predominated during 
the period which preceded the analysis. A further complication may 
have been the release of inorganic phosphate from labile esters, such as 
creatine phosphate, during the trichloracetic acid extraction. 
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Fig. 6. Semi-logarithmic plot showing **P ent 
and MATSCHINER, 1953 


When cells are incubated in plasma containing **P-labelled inorganic 
phosphate **P enters the cells. In rabbit and chicken cells the entry 
may be described by a single rate constant, but in man GOURLEY and 
MATSCHINER (1953) found evidence of a small rapid component, with a 
half-time of 8 min, in addition to the main component, which had a 
half-time of 280 min (Fig. 6). The rapid component may be due to 
adsorption on the surface and is probably responsible for the small 
initial uptake of °*P which PRANKERD and ALTMAN (1954a) found to 
occur even at 3°C. 

The effect of temperature on **P uptake by human cells was first 
demonstrated by EISENMANN, Ort, SmirH, and WINKLER (1946). 
GouRLEY and GEMMILL (1950) measured **P entry at nine temperatures 
between 15° and 40°C and found that the temperature dependence 
could be described by the Arrhenius equation with an apparent activa- 
tion energy of 16,700 calories. A slightly higher figure—19,800 calories 
—has been given by PRANKERD and ALTMAN (1954a). For rabbit cells 
Haun and Hevesy (1942) give a figure of 15,000 calories. 
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The effect of external phosphate concentration on **P uptake has 
received very little attention. Hann and Hevesy (1942) found that the 
percentage of **P that was taken up by rabbit cells over periods of 70 
or 90min was not affected by an eightfold increase in plasma 
phosphate, so that over this range influx must have been proportional 
to concentration. They regarded this as evidence that phosphate 
entered the cell largely by diffusion, but other evidence, which will be 
described later, suggests that this is true only in certain species. 

Jonas and GouRLEY (1954) showed that the uptake of **P-labelled 
inorganic phosphate by rabbit red cells in vitro was stimulated by 
small amounts of ATP and inhibited by calcium and magnesium ions; 
when ATP and magnesium ions were present together the effects were 
complicated and depended on the relative concentrations. These 
results were interpreted in terms of complex formation between 
ATP Mg++ and phosphate. Jonas and GouRLEY compare these 
findings with the effects of Mg++ and ATP on creatine phosphokinase 
of rabbit skeletal muscle (Nopa, Kupy, and Larpy, 1954) and of 
Mg++, K+, and ATP on liver hexokinase (HERS, 1952), but the 
resemblances cannot be regarded as evidence that a phosphokinase 
is involved in phosphate uptake by red cells. 

The method of enquiry that has shed most light on phosphate uptake 
is the determination of the relative specific activities (r.s.a.) of various 
intracellular phosphate fractions after the exposure of cells to **P- 
labelled inorganic phosphate. The aim of such determinations is to 
decide which phosphate fractions are derived from which, and the 


principle used in interpreting the results is that if the time curve of the 


r.s.a. of each phosphate fraction is plotted on the same axes, then if one 
fraction is the precursor of another the curve of the precursor will lie 
above that of the product initially, and will cross it when the r.s.a. of 
the product reaches its maximum value (ZILVERSMIT, ENTENMAN, and 
FISHLER, 1943). If the curves for two fractions do not behave in this 
way then one cannot be the precursor of the other; if they do a pre- 
cursor product relationship may or may not exist. 

Studies of this nature have been made by MUELLER and HasTrines 
(1951), GouRLEY (1952), Scui~p and MAavurRgER (1952), PRANKERD and 
ALTMAN (1954a), and GERLACH (1955, 1956). All agree that in human 
cells at 37°C the inorganic phosphate fraction does not have the 
highest r.s.a. over the first hour or two, so that, unless this fraction 
is contaminated during extraction by the breakdown of some labile 
but inactive organic phosphate, it follows that **P must be able 
to enter the cell in organic form. The only labile organic phosphate 
that seems likely to confuse the results by releasing inorganic phosphate 
is phosphocreatine. This is readily split by 10 per cent trichloracetic 
acid at room temperature, and trichloracetic acid is used to remove 
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protein as a necessary preliminary to most phosphate fractionation 
procedures. Paper electrophoresis, however, can be carried out on the 
cell haemolysate without previous deproteinization, and, using this 
technique, ScHILD and Maurer showed that the r.s.a. of phospho- 
creatine was initially higher than that of inorganic phosphate, so that 
any hydrolysis would raise not lower the activity of the inorganic 
phosphate. 

Although all the workers listed above agree that the cell inorganic 
phosphate does not at first have the highest r.s.a. of the intracellular 
phosphate fractions, and also that **P is taken up very slowly into the 
phospholipids, they disagree about the relative rates at which **P is 
incorporated into the different soluble organic fractions. The disagree- 
ment is probably due, part ly, to differences in the metabolic state of the 
cells studied by different workers; for example, MUELLER and HastInGs 
studied **P uptake under conditions in which the pH fell slightly 
during the experiment and in which there was a net loss of phosphate: 
GOURLEY worked with cells which showed a small net uptake. Another 
factor which may have effected the results is that different workers 
used different fractionation procedures. MUELLER and HastTrinas 
measured total and inorganic phosphate in the trichloracetic extract, 
and then made further measurements of inorganic phosphate after 
7 and 100 min periods of hydrolysis with N sulphuric acid; GouRLEY 
used the barium precipitation, differential hydrolysis method of Sacks 
(1949); Scamp and Mavrer used paper electrophoresis; and 
PRANKERD and ALTMAN, and GERLACH used paper chromatography. 

MUELLER and Hastines found that the fraction with the highest 
r.s.a. initially was their 7-min P, which consisted chiefly of the labile P 
of ATP and ADP. Govur.ey (Fig. 7) found ATP to have the highest 
initial r.s.a., but PRANKERD and ALTMAN point out that his figures for 
ATP, ADP, and 2,3 diphosphoglyceric acid represents averages for the 
phosphate groups in each compound. If the activity in 2, 3 diphospho- 
glyceric acid is assumed to be almost entirely in the 2 position (because 
3 phosphoglyceric acid has a very low r.s.a.), and the activity of ATP 
is largely shared by the 6 and y phosphate groups, then in PRANKERD 
and ALTMAN’s experiments the highest initial r.s.a. was found in the 
2 P in 2,3 diphosphoglyceric acid. They suggest that inorganic 
phosphate is taken up by the reaction 

glyceraldehyde 3 phosphate — H,PO, + DPN — 
1,3 diphosphoglyceric acid DPNH 


»>Q 


and that the 1,3 diphosphoglyceric acid is in equilibrium with 2,3 


diphosphoglyceric acid, which they regard as the precursor of ATP 


phosphate. This seems extremely unlikely because the conversion of 
1,3 to 2,3 diphosphoglyceric acid involves a free energy loss of about 


am yt 
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10,000 calories (RAPorpoRT and LUEBERING, 1952), so that the equili- 
brium 

2,3 diphosphoglyceric acid + ADP = 3 phosphoglyceric acid + ATP 
will lie very far to the left. Furthermore, although the assumption of 
PRANKERD and ALTMAN that nearly all the activity in ATP is shared 
equally between the f and y phosphorus has been confirmed by the work 
of BoszormEeNyI-Nagy and KvuEBER (1955), and GERLACH (1956), 
their finding that the 2 P of 2,3 diphosphoglyceric acid has the highest 
initial r.s.a. has not been confirmed. GERLACH (1956) finds that the 
highest r.s.a. over the first hour occurs in the # and y phosphorus of 


ATP. 
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Fig. 7. Entry of **P into various intracellular phosphate fractions. (GOURLEY, 


1952). 


The discrepancy between the work of PRANKERD and ALTMAN and 
that of GERLACH is readily explained if 1,3 diphosphoglyceric acid 
is the common precursor of ATP # and y phosphate and of 2,3 
diphosphoglyceric acid. Whether ATP or 2,3 diphosphoglyceric acid 
had the highest r.s.a. would then depend on which compound had 
the highest ratio of turnover rate to concentration, and this would 
vary with the external conditions and the previous history of the cell. 
The formation of ATP from 1,3 diphosphoglyceric acid is a familiar 
reaction and feasible thermodynamically; unfortunately 1,3 dipho- 
sphoglyceric acid exists only in catalytic amounts and there is no 
information about its r.s.a. during uptake of *P-labelled ortho- 
phosphate. In the absence of this information it is rather desirable to 
confirm that the initial r.s.a. of 2,3 diphosphoglyceric acid can be 
higher than that of ATP. This might best be attempted with cells 
whose stores of 2,3 diphosphoglyceric acid had been run down by 
incubation without glucose. 
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There is one fairly serious criticism that can be made about most of 
the work based on comparison of the relative specific activities of 
different phosphate fractions, and that is that in interpreting the 
results it is always assumed that each fraction is homogeneous. This 
assumption may not be justified. PRANKERD and ALTMAN (1954a) 
found that a certain fraction of the ATP and 2,3 diphosphoglyceric 
acid remained bound to the stroma when the cell was lysed, and these 
bound fractions had lower specific activities than the corresponding 
free fractions. If the free fraction of ATP, say, itself contained ATP 
of different activities, the activity of the fraction as a whole would 
represent merely an average value, and conclusions obtained by 
comparison of such averages would be invalid. 

The effects of glucose, oxygen lack and of metabolic inhibitors on 
32P uptake have been studied by MuELLEeR and Hastines (1951), 
GOURLEY (1952), GouRLEY and GeEmMMILL (1950), PRANKERD and 
ALTMAN (1954a), and GERLACH (1955). Their results confirm accepted 
ideas about carbohydrate metabolism within the cell, and show that 
uptake is largely dependent on glycolysis (or in pigeon cells on respira- 
tion), but they do not help much to elucidate the detailed mechanism 
of this uptake. In the presence of arsenate, or at low temperatures, 
32P uptake is reduced and the inorganic phosphate has the highest 
intracellular r.s.a., suggesting that under these conditions a large 
proportion of the phosphate that enters does so as inorganic phosphate 
(PRANKERD and ALTMAN, 1954b). As it seems unlikely that arsenate 
or low temperature will open up new channels it is probable that entry 
as inorganic phosphate also occurs under physiological conditions, and 
in dog, rabbit, ox, and goat this may be the predominant mode of 


entry as, in the cells of these animals, the inorganic phosphate has the 


highest initial r.s.a. even in the absence of arsenate (PRANKERD and 
ALTMAN, 1954a). In the absence of glucose, or in ghosts, which are 
unable to use glucose, phosphate uptake is promoted by adenosine 
(PRANKERD and ALTMAN, 1954b; GouRLEY, 1956), and the uptake of 
phosphate is accompanied by phosphorolysis of the adenosine and 
metabolism of the ribose according to the scheme of DiscHE (1951). 
Whether the adenosine acts simply as a source of energy, or the 
phosphorolysis is more intimately concerned with the uptake of phos- 
phate, is uncertain, but as there is very little riboside in plasma it 
seems unlikely that its phosphorolysis is normally connected with 
phosphate entry. 


4, Penetration of sulphate 

Although sulphate is not normally found in red cells, the cell membrane 
is permeable to SOj ions. If cells are placed in an isotonic solution of 
sulphate, SO7 ions slowly enter in exchange for Cl- ions, and since one 
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SO7Z replaces two Cl- the number of osmotically active particles within 
the cell is reduced and the cell shrinks. The entry of SO[ can be studied 
either by observing changes in the optical density of the suspension 
as shrinkage occurs, or by following the appearance of Cl- in the 
suspension medium. 

PARPART (1940), using the densitometric method, showed that the 
half-time for the exchange varied from species to species and was very 
sensitive to pH. For rat cells, for example, the half-time was about 
i sec at pH 7, 1-2 sec at pH 6 and 14 sec at pH 5; below pH 5 haemo- 
lysis occurred and above pH 8 the cells became very leaky to all ions. 
At pH 7-3 and for the temperature range 7-30°C the apparent 
energy of activation for the Cl-/SO7 exchange was 23,000 cal. 
An even higher figure (30,000 cal) has recently been given by 
Passow (1956) for SO]; entry into horse cells. Low concentrations 
of Ca++ ions caused a reversible slowing of the exchange, and this 
effect was increased as the Ca** concentration was increased up to 
about 20mM. In beef red cells at pH 6-0 and at 20°C the rate was 
reduced two- to six-fold by calcium. Similar slowing was caused by 
low non-haemolytic concentrations (ca. 5 mM) of sodium salicylate, 


sodium benzoate, veronal, urethanes, and butyl alcohol. 
Cells in which part of the internal chloride has been replaced by 
sulphate swell when placed in isotonic sodium chloride, and the rate of 


swelling gives a measure of the rate of exchange of internal SO] for 
external Cl-. PAaRPAarT made the rather remarkable observation that 
this exchange is insensitive to pH and is unaffected by the calcium 
concentration outside the cell. 

The relation bteween the influx of sulphate and the electrochemical 
potential gradient for sulphate ions has been investigated by 
SCHWIETZER and Passow (1953). They found that when beef cells 
were suspended in isotonic sodium sulphate the ratios [Cl],/[Cl]; and 
(OH],/[OH], remained equal as chloride left the cell in exchange for 
sulphate. They concluded that it was justifiable to deduce the electrical 
potential across the membrane at each moment from the chloride or 
hydroxyl ratio at that moment, and, knowing the electrical potential 
and the distribution of sulphate across the membrane, they were able to 
calculate the force driving sulphate into the cell. They compared the 
influx of sulphate with the driving force at different times during the 
experiment, and concluded that there was a linear relationship between 
the two. 

Recently Passow (1956) has described observations on the uptake of 
35S-labelled sulphate by horse red cells under equilibrium conditions. 
He suspended cells in isotonic mixtures of sodium chloride, sodium 
sulphate and sucrose, and, by altering the proportions, was able to 
vary the sulphate concentration and membrane potential independently. 
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The cells were allowed to come to equilibrium with the test solutions, 
then *SO, was added and the entry of radioactivity into the cell 
observed. He found that the influx of sulphate was proportional to the 
electrochemical-potential gradient for sulphate ions when the external 
sulphate concentration was between 0 and 10mM, but at higher 
sulphate concentrations deviation from linearity occurred. 


5. Other anions 
The penetration of a number of organic sulphonic and carboxylic 
acids was studied by HOBER (1936), who tried to relate his results to 
acid strength, ion volume and lipoid solubility. He measured permea- 
bility by measuring the time required for haemolysis in solutions of the 
ammonium salts of the acids, having in each case carried out controls 
with the sodium salts to ensure that the anions and acids were not 
directly haemolytic. The rate of penetration of aliphatic carboxylic 
acids increased with chain length from C,-C,; above C, the sodium 
salts were haemolytic. Haemolysis was rapid in solutions of the 
ammonium salts of salicylic, benzoic and phenylacetic acids—trelatively 
weak acids with high oil-water partition coefficients—and very slow in 
solutions of the ammonium salts of hippuric and phthallie acids 
stronger acids with low partition coefficients. It seems very probable, 
however, that the weak acids penetrated largely as undissociated 
molecules rather than anions. There seemed to be considerable species 
variation, ox and sheep cells being more permeable than man and 
] 


mouse cells to weak acids with high partition coefficients but less 


permeable to sulphonates, phthallates and hippurates. These differ- 
ences were explained by supposing that man and mouse cells contain 
relatively more hydrophilic areas and ox and sheep cells more lyophilic 
areas. 

The penetration of straight chain fatty acids from formic (C,) to 
caprylic (C,) was studied by GREEN (1949), who used Hartridge and 
Roughton’s rapid flow technique to measure the reduction of oxy 
haemoglobin when cells were mixed with solutions containing the 
free acids. He found that permeability increased with chain length 
from C,—-C, and then decreased—heptylic and caprylic acids being less 
permeable than caproic. He suggested that permeability depended on 


6 


lipoid solubility but that molecular volume imposed an upper limit. 


As in HOBER’s experiments, however, it is probably the entry of 
undissociated molecules that was being studied. 


V. CATION PERMEABILITY 
1. Introduction 
In human red cells there are about 150 mM of potassium per litre of cell 
water, compared with 4:5 mM in plasma; and about 10 mM of sodium, 


one 
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compared with 145 mM in plasma. Until about 1930 this distribution 
of sodium and potassium was thought to arise in some unspecified way 
during the development of the cell in the bone marrow, and to be 
perpetuated because the membrane became impermeable to cations. 
Impermeability explained the stability of the cell with its osmotic 
load of haemoglobin; it fitted in with the observation that the cells 
behave as osmometers; and, with the analytical techniques then 
available, it appeared to be confirmed in short term experiments. 
In the decade before the last war, however, a number of workers 
observed a fall in the potassium content and a rise in the sodium content 
of cells in cold storage (DuLIbRE, 1931; Drew, EpsALL, and ScUDDER, 
1939; JEANNENEY, SERVANTIE, and RINGENBACH, 1939; Ma1zELs and 
WHITTAKER, 1940; DowNMAN, OLIVER, and Youne, 1940). Such 
changes might merely have indicated a breakdown in the cell membrane, 
but some revision of the theory became necessary when it was shown 
that cold-stored cells could reaccumulate potassium and expel sodium 
if they were incubated with glucose or replaced in the circulation 
(Harris, J. E., 1941; Matzets and Patrrrerson, 1940; Ma1zets, 1949). 
In 1939 Conn and Coun showed that *4Na injected into dogs rapidly 
equilibrated with the sodium in the red cells, and two years later the 
permeability of rabbit erythrocytes to *K was demonstrated by 
Mouturs, Fenn, Noonan, and Hagrce (1941). Similar results have 
since been obtained with cells from man, cat, guinea pig, rat, horse, 
sheep, ox, and among non-mammals, frog, African tortoise, snapping 
turtle, duck and chicken (SHEPPARD, MartTrIN, and Bry, 1951; Dean, 
Noonan, HarGe, and Fenn, 1941; Hann, Hevesy, and REBBE, 
1939; SHaw, 1954; Hevesy and Haun, 1941; Lyman, 1945; Marzets, 
1954b). 

The reaccumulation of potassium and the expulsion of sodium during 
recovery from cold-storage represent net movements against electro- 
chemical potential gradients, and they can, therefore, occur only at 
the expense of metabolic energy. J. E. Harris (1941) and DaNowskI 
(1941), working with human cells, showed that glucose was required 
and that fluoride had an inhibitory effect. Ma1zexs (1951) showed that 
iodoacetate was also inhibitory but that poisons acting on the respira- 
tory system—cyanide, dinitrophenol, malonate, and fluoracetate— 
were without effect. Glucose could be replaced by mannose or by 
high concentrations of fructose (500 mg/100 ml) but not by pyruvate, 
and pyruvate was unable to reverse the effects of low concentrations 
of fluoride (5 mM)—it did decrease the effects of high concentrations 
but these are probably not related to glycolysis (MarzELs, 1954; 
EcKEL, 1954). The conclusion to be drawn from these experiments is 
that, in human red cells, energy for active transport is derived from 
glycolysis; and this has been shown to be true also of the cells of 
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rabbits and monkeys (McKzx et al., 1946), and probably holds for all 
mammalian red cells. By contrast, the nucleated red cells of reptiles 
and birds resemble nerve and muscle in that they depend on respiration 
for the energy used in ion transport (MAIZzELs, 1954b). 

The present position is, then, that the pre-1930 idea of a sealed off 
red cell with a static ion content has been abandoned, and the ionic 
composition is now seen to represent a dynamic equilibrium, the result 
of “uphill” pumping and “downhill” leaking. There are two main 
unsolved problems—problems whose significance is not of course 
limited to red cells. In what form and by what route do sodium and 
potassium pass through the membrane? And how is energy from 
metabolism used to move ions up energy gradients? In the following 
pages some account will be given of the experimental work that bears 
on these questions. 


2. Kinetic studies 

Tracer experiments by Raker, Taytor, WELLER, and HastTrines 
(1950), SHEPPARD and Martin (1950), Sotomon (1952), Harris and 
MAIZELS (1952), and GiyNnwn (1956) show that at 37°C about 2 mM of 
potassium and 3 mM of sodium exchange across the red cell membrane 
per litre of cells per hour. 

HARRIS and PRANKERD (1953), and also SoLOMON and GOLD (1955), 
found that, over several hours, loss of sodium from *4Na-labelled cells 
could be described by a single rate constant. GOLD and SOLOMON 
(1955), however, found a small fraction of cell sodium that had not 
reached equilibrium even after 24 hours; and theoretical analysis of 
their efflux curves on the assumption that there were two intracellular 
compartments led them to suggest that about 17 per cent of the cell 
sodium exchanged with a very much lower rate constant than the 
remainder (0-016 hr-! compared with 0-3 hr-'). It is not possible 
to say whether this fraction is due to a proportion of cells with very 


impermeable membranes or to the existence of tightly bound sodium 
in all the cells. Recently CLARKSON and MaIzELs (1956) have produced 
evidence of a small fraction (about 2mM/l. cells) of very readily 


exchangeable sodium, which may be associated with the mem 
brane. 

When #K-labelled cells were incubated with unlabelled plasma, 
SoLomon and Gotp (1955) found that a third compartment, located 
in the cell phase, was required to account for the form of the time 
curve showing the appearance of #*K in the plasma. With the help of 
an analogue computer they analysed the behaviour of various model 
systems, and found that to fit the experimental results it was necessary 
to postulate the existence of two intracellular compartments both of 
which could exchange with the plasma and with each other. The 
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validity of this precise treatment depends on the existence of a com- 
pletely uniform cell population. A few highly permeable cells, taking 
up more *“K during loading and releasing more during subsequent 
incubation, would produce the sort of anomalous behaviour that 
SoLomon and Go.tp found. The existence of such cells is not unlikely. 
There is always a certain amount of haemolysis and it seems reasonable 
to suppose that at any moment there exist cells whose membranes, 
while still retaining haemoglobin, are abnormally permeable to potas- 
sium. Nor are healthy cells likely to be quite uniform; there is a con- 
tinuous range of variation in the size, shape, and colour of the cells of a 
population, and some variation in the potassium content and the 
magnitude of the fluxes is to be expected. HENRIQUES and ORSKOV 
(1936) found that the lower cells from a centrifuged sample of canine 
blood contained 17 per cent less potassium than the cells at the top. 
In the absence of any detailed knowledge of the variation between 
human cells, the existence of more than one potassium compartment 
within a single cell must be regarded as unproven. However, even if 
the findings of SoLomon and Gop are due to variation between cells, 


they still show the possibility of error in estimating potassium efflux 


by following tracer loss. 


y 
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3. Linkage between potassium influx and sodium f 


Since potassium uptake and sodium extrusion occur simultaneously 
and are both uphill movements driven by energy from metabolism, 
the question arises whether there is a direct link between the two. 
Such a link was first suggested by Harris and Maizets (1951), who 
noticed that sodium efflux was reduced in a solution containing less 
than 1 mM/I. of potassium. The idea of linked movements fits in well 
with the observation that net potassium uptake is increased after 
periods of cold-storage, when the cell sodium and sodium efflux are 
high (FLYNN and Mazes, 1949: PoNDER, 1950), but cold-stored cells 
have a low potassium content, and it is not clear that the high net 
influx of potassium observed by FLYNN and Maizets and by PONDER 
was not simply the result of a low true potassium efflux. Storage in a 
lithium chloride medium, which leads to a low cell sodium, leads also 
to a reduced potassium influx (PONDER, 1950), but this can be explained 
equally well by a link between sodium and potassium movements, and 
by a toxic action of lithium. A toxic action is not improbable since 
MacLrop, Swan, and AITKEN (1949) found that low concentrations 
of lithium inhibited glycolysis in spermatozoa. SHaw (1954), working 
with horse cells, found that the rate at which sodium was lost when 
cold-stored cells were incubated with glucose was reduced at low 
external potassium concentrations and roughly paralleled potassium 
influx. But he also found a rise in sodium influx when external potassium 
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was decreased, and it is not clear that the diminished net loss of 
sodium was not the result of this. The existence of a direct link between 
active sodium and potassium movements has been seriously questioned 
by Maize.ts (1954b), who points out that an apparent linkage would 
exist if the cell were merely able to hold its crystalloid osmotic pressure 
constant since “the osmotic and electrical requirements of cells and 
plasma are such that sodium and potassium in the cell phase and also 
in the plasma phase are necessarily complementary.” 

The question of linkage has recently been reinvestigated by GLYNN 
(1954, 1956), who made a detailed comparison of the effects of external 








potassium concentration on active potassium influx ; active sodium 


efflux. The upper curve of Fig. 8 shows the effect of potassium con- 
centrations between 0-4 and 140 mM on potassium influx into human 
red cells. It is of the same form as that described earlier by SHaw 
(1955) for horse cells, but contradicts the generally accepted view that 
in human cells potassium influx is independent of external potassium 
concentration over a wide range. This view is based on the work of 
RAKER, TAYLOR, WELLER, and Hastines (1950), SHEPPARD and 
Martin (1950), and Sonomon (1952). Raker et al. caleulated **K 
influx from measurements of the activity of whole blood and of the 
suspension medium, so that their results are likely to be inaccurate at 
high external potassium concentrations when the potassium entering 
the cell represents only a small fraction of the total potassium. Their 
finding that potassium influx drops from 1-67 to 1:33 mM/I. cells/hr 
when the external concentration is raised from 4:0 to 34-5 mM and then 
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rises to 1:58 when the potassium concentration is further increased 
to 74-4 mM points to the existence of a large experimental error. The 
results of SHEPPARD ef al. are compatible with the curve in Fig. 6 
when allowance is made for the 8 per cent uncertainty in their figures. 
SoLomon has now re-interpreted his earlier results (STREETEN and 
SOLOMON, 1954) and fits to them a Michaelis type curve which agrees 
well with that shown except at high external potassium concentrations, 
where he bases his curve on the results of RAKER et al. FLYNN and 
Maizets (1949) and Davipsen and KJervuLr-JENSEN (1950) both 
report increased potassium influx at high external potassium 
concentration. 

SHaw (1955) found that the relationship between potassium influx 
and external potassium concentration in horse cells could be described 
by the equation 


denotes potassium influx, [A], external potassium concn., 


where ,VM, 
and «, #, and y are constants. He supposed that of the two expressions 
on the right-hand side, the first was due to uptake of potassium by a 
mechanism which became saturated at high potassium concentration, 
and the second to the diffusion of potassium ions through some sort of 
leak—possibly present in only some of the cells. The two parts of the 
influx may be called, for convenience, the Michaelis component (by 
analogy with the MicHAELIS-MENTEN equation) and the linear 
component. 

GLYNN (1956, 1957) found that an equation of the same form as 
SHAW’S could be used to describe potassium influx in human cells, and 
he demonstrated the independence of the two components by showing 
that removal of glucose (Fig. 8, lower curve) or addition of cardiac 


glycosides led to a great decrease in the Michaelis component but left 


the linear component unaffected. The potassium influx which occurred 
in the absence of glucose was not necessarily entirely passive, as the 
cells might not have exhausted their energy stores, but by comparing 
the flux in the presence and absence of glucose at different potassium 
concentrations it was possible to show that the relationship between 
active potassium influx and external potassium concentration could 
be described by an equation of Michaelis type with a half-saturation 
value of about 2 mM. 

The effect of external potassium concentration on sodium efflux was 
studied by observing tracer efflux from *4Na-labelled cells, and also by 
simultaneous measurements of *4Na influx and net sodium movements. 
The latter method, involving a difference measurement, was less 
accurate but it avoided uncertainties due to inhomogeneity of the cell 
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sodium. Sodium efflux was found to be independent of external 
potassium concentration at concentrations greater than 10 mM, but 
was reduced at concentrations lower than this, and at the lowest 
concentration obtainable—[K], about 0-024 mM—was reduced by 
about one-third of its value at high concentration. The sodium efflux 
which occurred in the absence of potassium was thought to be entirely 
passive, first because it was unaffected by the presence or absence of 
glucose, and secondly because in the absence of potassium cells failed 
to show a net loss of sodium into a solution containing slightly more 
sodium than the intracellular fluid. (The possibility that glucose was 
not taken up by the cells in the absence of potassium could be ruled 
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out from the work of KLINGHOFFER, 1935 and LEFEvrReE, 1948.) It 
followed that active sodium efflux did not occur in the absence of 
external potassium. Comparison of sodium efflux in the presence and 
absence of glucose at different external potassium concentrations 
showed that the relation between active sodium efflux and external 


potassium concentration, like that between active potassium influx 


and external potassium concentration, could be described by a 
Michaelis equation with a half-saturation value of about 2 mM (Fig. 9). 
Taken together these results showed that as external potassium 
concentration was reduced active potassium influx and active sodium 
efflux declined together until, when there was no potassium outside, 
both were abolished. As the effects of external potassium concentration 
on sodium efflux developed within a few minutes, before there could 
have been appreciable changes in cell potassium, the results could not 
be explained by supposing that the cells were merely able to maintain 
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their crystalline osmotic pressure, and it was therefore concluded that 
the active fluxes were tightly linked. 

Harris (1954a) has argued that if a link between the active fluxes 
exists it must involve a two to one exchange of sodium for potassium. 
He assumes that sodium influx and potassium efflux occur through 
leaks, and by applying the Ussrve@ relationship calculates the sodium 
efflux and potassium influx that would occur through these leaks. 
When these calculated fluxes are subtracted from the total uphill 
fluxes, and the remainders are compared, the ratio of ‘“‘active’’ sodium 
efflux to “‘active’’ potassium influx is two to one. This method of 
assessing the magnitude of the active fluxes is, however, only valid if 
the passive fluxes occur through channels for which UssrN@’s relation- 
ship holds, and in the next section evidence will be described which 
suggests that this is not true of the red cell. In GLYNN’s experiments 
the removal of glucose led to a roughly equal decrease in potassium 
influx and sodium efflux so that a one to one ratio between the linked 
fluxes seems more likely. The ratio is not necessarily simple, however. 


4, The passive fluxe Ss 

The simplest way of explaining the passive fluxes—potassium efflux, 
sodium influx, and the passive components of potassium influx and 
sodium efflux—would be to suppose that they occurred by free diffusion 
through holes in the membrane. In horse red cells, SHaw (1955) found 
that the ratio between potassium efflux and the linear component of 
potassium influx was compatible with the hypothesis that both fluxes 
occurred entirely through a channel for which Usstrve’s relationship 
held good. In human cells, GLYNN (1956) found that the ratio was 
about twice that predicted from the Ussrn@ relationship, and though 
most of his efflux measurement were made by following tracer loss and 
are therefore subject to error because of the inhomogeneity of the cell 


potassium, it is unlikely that they are sufficiently out to account for 
the discrepancy. There is evidence, however, that about half the 


potassium efflux occurs by some route other than that responsible for 
the “‘linear”’ influx, since human cells placed in a solution containing 
the same concentration of potassium as is found intracellularly showed 
an efflux about twice as big as the linear influx. This other route may 
represent a “‘backwash”’ of the linked sodium potassium pump and is 
perhaps less important in horse cells. If the “‘linear’ influx and 
half the efflux do occur by free diffusion, it is necessary to postulate 
the existence of some form of energy barrier along the diffusion path 
since the linear component of potassium influx has a temperature 
coefficient equivalent to an apparent activation energy of 15,600 
2200 cal/mole (GLYNN, 1956). 

Sodium influx, though a “downhill” flux, is unlikely to be due to 
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simple diffusion for a number of reasons. SOLOMON (1952) showed that 
sodium influx did not vary linearly with external sodium concentration, 
and though his experiments are open to criticism, because he used 
sugars to maintain isotonicity and the chloride concentration and 
presumably the membrane potential were therefore not constant, 
similar alinearity was found by GiyNnwn (1956) using potassium or 
choline chloride to maintain isotonicity. SHaw (1954), working with 
horse cells, and GLYNN, with human cells, showed that sodium influx 
was increased when potassium was removed from the outside solution, 
though it may be that this extra influx occurs by a different route from 
the sodium influx under normal conditions—sodium might, for example, 
enter on potassium carriers. Comparison of sodium influx with sodium 


efflux in the absence of potassium and glucose showed that the ratio 
of the inward and outward fluxes was much nearer unity than the ratio 
predicted by the Ussrne relationship (GLYNN, 1956). Finally, there is 


some evidence that passive sodium efflux is lower at low external 
sodium concentration (GLYNN, 1956). This conclusion was based on a 
comparison of two experiments on different lots of cells, and therefore 
needs confirmation, but it is interesting in view of the recent similar 
findings of Swan and Keynes (1956) on frog muscle. It suggests the 
sort of mechanism, first described by Ussina under the name of 
“exchange diffusion,’ in which the ions are supposed to cross the 
membrane in combination with carriers which cannot (or can less 
readily) move across the membrane in the uncombined state. 


5. ei effects of te mperature 

The effects of temperature on the movements of sodium and potassium 
are summarized in Table 2 but they yield little useful information. 
The apparent energies of activation are given, because they provide a 
convenient way of describing the effect of temperature on flux rates, 
but they do not necessarily, or indeed probably, represent the true 
activation energies of single reactions. The temperature coefficients 
of the passive fluxes are high but it is not permissible to argue that these 
fluxes therefore involve enzymes or chemical carriers. As ToOSTESON 
(1955) has recently pointed out, SOLDANO (1953) found that diffusion 
of sodium ions into a highly cross-linked cation exchange resin had an 
apparent £, of 8560 cal/mole. 


6. Lithium, rubidium, and caesium 

Since the cell treats sodium and potassium ions so differently, it is 

interesting to consider the behaviour of Lit, Rbt+, and Cst, the other 

univalent cations in the same sub-group in the periodic table. 
SoLomon (1952) found that the rate constant for potassium influx was 

reduced in the presence of rubidium. By comparing the amount of 
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TABLE 2 
The Effects of Temperature on sodium and Potassium Movements in Human 
Red Cells 


Pe perature Apparent E, 
Author range . 


C cal/mole 


Potassium influx 
Total RAKER, TAYLOR, WELLER, 
Hastines (1950) 
Total SHEPPARD and Martin (1950 


14,500 + 1,300 
15,800 
16,200 


Total 
Total 


PONDER (1950) 
SoLOMON (1952) 


12,200 


1,400 


Linear com- 
ponent GLYNN (1956) 37-7 5,000 + 2,200 
Michaelis com- 
ponent GLYNN (1956) 37: ,100 + 900 
Potassium efflux 
Total SHEPPARD and MartTIN (1950 
Total Sotomon (1952 : 3! 2,400 1,300 
Sodium efflua 
Total SoLtomon (1952 32°-37 14,900 +- 3,400 
18,000 
14,500 800 


15,300 + 600 


15,800 


Total CLARKSON and MarzeELs (1956) 
K linked GLYNN (1956 
Passive GLYNN (1956 
Sodium influx 

; 20,200 2,700 


15,000 


Total SoLtomon (1952 
Total CLARKSON and Maize.s (1956 


rubidium present with the amount of potassium that, in the absence 
of rubidium, would have had to be added to depress the rate constant 
to the same extent, he calculated that rubidium competed with 
potassium on roughly equal terms. Caesium too appeared to compete 
with potassium but K* was preferred to Cs*+ by a factor of four or five. 

DUNHAM (1954) compared the rate constants for fluxes of caesium 


ok, Csi 

<- was much greater than -— pre- 

Ko KM; 

sumably because a greater fraction of the efflux occurred by a pathway 

, ; wee . oki 

in which the ions did not compete. Similarly the ratio was greater 
KY; 

when the total concentration of potassium and caesium was greater, 

and this is what would be predicted from the potassium influx curves 

of SHaw and GLynn, which show that the ratio of linear component to 

Michaelis component is higher at high potassium concentrations. 

Li* ions were found by SoLomon (1952) to compete with Na+ ions 
for entry to the cell, the relative amounts of sodium and lithium 
entering being roughly in proportion to their concentrations. FLYNN 
and MaIzELs (1949) showed that lithium, unlike sodium, is not actively 


and potassium and found that 
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extruded from the cell, but it is not known whether this is because 
lithium cannot be handled by the pump or because it interferes with 
the energy supply. 

If the various univalent ions are arranged in a series in ascending 
order of size, the series will be Lit Na+ K+ Rb* Cs+ if the sizes of the 
unhydrated ions are considered, and the reverse of this if the sizes are 
those of the hydrated ions. Either series associates Rb+ and Cs* with 
K+, and Lit with Na*. The part ion size may play in determining 
specificity will be discussed later. 


7. Acetyl choline and cholinesterase 
There is no good evidence that acetyl choline or cholinesterase are in 
any way connected with sodium and potassium movements in human 
red cells, whatever may be true of other tissues. Indeed it is doubtful 
if red cells make acetyl choline (SHEPPARD and Marutas, 1954). 
Inhibition of potassium influx by physostigmine and by di-isopropyl- 
fluorophosphonate has been described by Taytor, WELLER, and 
Hastrines (1952), but they point out that the concentrations necessary 
to cause inhibition were about ten times those required to block 
cholinesterase activity. The work of Kocn (1954) on Eriocheir gills 
has emphasized the importance of applying the cholinesterase inhibitor 
to the right side of the membrane, but with physostigmine and red 
cells this problem does. not arise, because the drug is concentrated 
within the cell and therefore gets to both sides of the membrane. The 
effects of acetyl choline and of physostigmine described by LiINpvie, 
GRIEG, and Pererson (1951) have been attributed to pH changes by 
ParpPart and HorrMan (1952). GLYNN (unpublished data) and KAHN 
and ACHESON (1955) were unable to detect any effect of physostigmine 
on potassium influx into intact human cells, and GARpDos (1954) found 
no effect on potassium accumulation by cells that had undergone 


“reversible haemolysis. ”’ 


8. Species variation 

Most of the work described above relates to human or horse red cells, 
which, like the cells of most mammals, contain more potassium than 
sodium. There are two groups of mammals—carnivores and artio- 


dactyl ungulates (sheep, ox, and rabbit but not horse)—whose red 


cells contain much less potassium than sodium, and it seems reasonable 
to suppose that in these cells there is a different balance between the 
active “‘uphill” and passive “downhill” fluxes. This agrees with the 
finding of Frazier, SIcULAR, and SoLtomon (1954) that in dog erythro- 
cytes potassium influx is roughly proportional to the external potassium 
concentration and shows no trace of a component that becomes 
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saturated at high external potassium concentration. One must never- 
theless suppose that some active pumping occurs, both to explain 
why the cells do not swell and burst through the osmotic pressure 
of their haemoglobin, and to account for the fact that the ratio of 
potassium to sodium is higher in the cells than in the outside medium. 
The division of mammals into two groups depending on whether their 
red cells are rich or poor in potassium is, however, not as distinct as 
was thought. It is now known that different breeds of sheep vary 
greatly in the potassium content of their red cells, and foetal sheep 
possess potassium rich cells even in breeds in which the adults’ red 
cells are potassium poor (WrppAs, 1954). 

In cat red cells Davson (1943) measured the rate of potassium uptake 
and of sodium loss when cells were added to isotonic solutions of various 
potassium salts, and found the rates were greatly influenced by the 
nature of the negative ion. Whether this is a feature peculiar to the 
cat is unknown as there do not appear to have been comparable 
investigations in other cells. The effects on potassium uptake were 
attributed by Davson to the diffusion potentials produced by the 
anions, but the effects lasted several hours and the high permeability 
of many of the anions makes it unlikely that diffusion potentials could 
have produced any appreciable effect after the first few minutes. 
There is probably a connexion between the remarkable inhibition of 
sodium loss by thiocyanate and iodide, observed by DAVSON in cat 
cells, and the failure of these ions to achieve a DoNNAN distribution in 
human cells (MarzeLts, 1934). The elucidation of the effects observed 
by DAVSON awaits tracer studies, preferably under conditions in which 
the anions have reached an equilibrium. 

In chicken red cells Matzets (1954b) found that active transport 
could be energized by lactate, pyruvate or glucose; when lactate or 


pyruvate was substrate, fluoride, and iodoacetate had little effect but 


anoxia, cyanide, dinitrophenol, malonate, and fluoracetate caused 
severe inhibition; when glucose was substrate, the inhibitory effect of 
cyanide was not enhanced by iodoacetate or moderate concentrations 
of fluoride. These observations show that most of the energy used in 
ion transport comes from respiration and little if any from glycolysis. 

By contrast duck red cells seem to be able to use energy from 
respiration or glycolysis; indeed at physiological potassium concentra- 
tions anoxia leads to an increased potassium influx and a rise in cell 
potassium (Tostrson and Ropertson, 1956). Measurements of 
potassium influx at different concentrations show that the effects of 
substituting nitrogen for oxygen in the gas phase are complicated and 
appear to involve an increase in the Michaelis component and abolition 
of the linear component. Potassium efflux in duck cells is greatly 
reduced in the absence of oxygen. 
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Calcium ions seem to have no action on sodium or potassium move- 
ments in human frog or chicken red cells, but cells of the snapping 
turtle and African tortoise rapidly lose potassium and gain sodium in 
calcium-free solution (LYMAN, 1945; Marzets, 1954b). These changes 
are thought to be due to increased ‘“‘downhill’’ fluxes rather than to 
inhibition of active transport, since they can be demonstrated even in 
the presence of cyanide. They are reminiscent of the effects of low 
calcium concentration on the sodium permeability of cephaloped 
nerve (FRANKENHAEUSER and Hopexkrn, 1955), and the suggestion of 
Hope@kIn that in these nerves Ca** ions compete for the sodium carrier 
or block the sodium permeability channel may well be true for some 
red cells. Cells from the grass snake and a number of turtles other than 
the snapping turtle are not sensitive to the absence of calctum. MAIzELs 
has suggested that the haemolytic action of oxalate in carp blood 
(BLACK and Irvine, 1938) and of fluoride on the blood of several 
elasmobranchs (FERGUSON, HorRVATH, and PAPPENHEIMER, 1938; 
Hampi and Frereavuson, 1940) is due to an effect of calcium ions on 


cation permeability. 


Y, Sodium and potassium movements in other tissues 

It is interesting to compare the patterns of fluxes found in red cells 
with those found in other tissues. A link between active sodium extru 
sion and potassium influx has been demonstrated in frog muscle by 
STEINBACH (1940, 1952) and Keynes (1954), and in Sepia nerve by 


HopGKIN and KEY NES (1955a). The effects of anoxia and metabolic 


inhibitors showed that the Sepia nerve resembles the erythrocytes of 
birds and reptiles, rather than those of mammals, in that energy for the 
active movements comes from respiration. In frog muscle KEYNES 
and MAISsEL (1954) found that metabolic inhibitors had little effect, 
probably because the tissue was able to draw on its stores of creatine 
phosphate, but in rat diaphragm muscle CREESE (1954) showed that 
anoxia caused large downhill movements. It may be that an active 
sodium potassium exchange mechanism is very widely distributed in 
living cells and accounts for the almost uniform occurrence of a higher 
K:Na ratio in intracellular fluid than in extracellular. Active move 
ments of the two ions are, however, not always linked together; in 
Ulva lactuca, for example, the active extrusion of sodium and uptake of 
potassium must occur by separate mechanisms since Scorr and Hay- 
WARD (1954) were able to inhibit them independently; in the rumen 
active uptake of sodium is accompanied by passive uptake of chloride 
(Dosson, 1955); kidney tubules can transport sodium and potassium 
independently; in contrast the isolated gill of Eriocheir pumps sodium 
and potassium indiscriminately (Kocu, 1954). A curious example of 
dependence of sodium transport on potassium occurs in frog skin, 
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where KOEFOED JOHNSEN (1955) found that the absence of potassium 
led to a very marked reduction in sodium transport although the 
system did not transport potassium appreciably. 

Passive ion movements which show flux ratios different from those 
predicted by the Ussrne relationship are also found in cells other than 
red cells. In frog muscle Swan and Keynes (1956) have shown that 
the sodium efflux which is not linked to potassium influx seems to be 
linked to sodium influx, and the resemblance between this finding and 
the interaction between the passive sodium fluxes in human red cells 
has already been mentioned. Even clearer examples of this “‘exchange 
diffusion” type of interaction are provided by the work of MircHELL 
(1954) on phosphate exchange in Micrococcus pyogenes and of CROGHAN 
(1956) on sodium exchange in the brine shrimp Artemia; in both of 
these exchanges the flux ratio is practically unity whatever the con- 
centration ratio across the membrane. A flux ratio which is further 
from unity than that predicted by the Ussing relationship has so far 
been described only in DNP poisoned Sepia axons. Here Hop@kIn and 
KEYNES (1955b) explained the ratio of the inward and outward move- 
ments of potassium, and the fact that removal of external potassium 
increased potassium efflux, by supposing that the potassium ions 
penetrated the membrane by passing in single file through a narrow 
channel. There is no evidence of this sort of mechanism in the red cell. 

A connexion between the movements of cations and of amino acids 
was described by TERNER, EG@LEesTon, and Kress (1950), who 
showed that reaccumulation of potassium by potassium-depleted 
retina or brain required not only glucose but also glutamate, and that 
glutamate accompanied potassium into the cells. This connexion 
seems to be peculiar to brain and retina. In red cells the only known 
relationship between cation and amino acid movements is the finding 
of CHRISTENSEN and Riaas (1952) that 80-mMK inhibited the uptake 
of glycine by duck cells. 


10. Lon permeability of ghosts. ATP as the source of energy for ion 
pumping 
It has long been known that cells that have been converted into 
spheres and lysed by exposure to hypotonic solutions revert to their 
normal disc shape when isotonicity is restored. In the last few years it 
has been shown that if the cells are lysed with a relatively small volume 
of water, and isotonicity is restored within about 15 min, the per- 
meability of the cell returns towards normal (Sz#KELY, MANYATI, 
and STRAUB, 1952; TEORELL, 1952). Cells which have undergone such 
“reversible haemolysis” can not only maintain ionic concentration 
gradients across the membrane for several hours (TEORELL, 1952), but 
can even reaccumulate potassium against a concentration gradient if 
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they are provided with metabolizable substrate (STRAUB, 1954; 
GARDOS, 1954). It follows from these remarkable observations that the 
holes which must be supposed to allow the free exit of haemoglobin 
molecules (M. 68,000) during haemolysis must be sealed after the return 
to isotonic conditions. 

During the period in which the membrane is leaky to haemoglobin, 
it is possible to introduce into the cell a variety of substances which 
cannot usually enter, and STRAUB has taken advantage of this to study 
the relationship between active cation transport and energy meta- 
bolism. He found that when “‘reconstituted”’ cells were incubated with 
glucose (100 mg/100 ml) potassium was taken up and lactic acid was 
formed, but usually both processes stopped after about 30 min. 
If fructose 1,6 diphosphate was added to the cells during the permeable 
stage, by including it in the haemolysis fluid, potassium uptake and 
lactic acid production continued over several hours. In the presence 
of arsenate, which prevents ATP formation by replacing orthophosphate 
in the oxidation of glyceraldehyde 1 phosphate, lactic acid production 
was increased but no accumulation of potassium occurred, and this 
would appear to confirm that—as has long been suspected—the role 
of glycolysis in active transport is simply the provision of ATP. 
Attempts to promote active transport by the direct addition of ATP 
to cells during the permeable phase failed, as, under the conditions 
used by Straus, ATP did not enter. GArpDos (1954), however, has 
succeeded in getting ATP in by lysing cells with between 1-5 and 2-0 
volumes of an ice-cold 10 per cent solution of the acid sodium salt of 
ATP. (This has a pH of 2:3 which presumably reduces the negative 
charge on the cell protein and facilitates the entry of the negatively 
charged ATP. After lysis the pH rises to 6-9 because of the buffering 
power of the haemoglobin.) The ghosts were allowed to remain in the 
ATP solution for one minute and were then centrifuged and washed 
with isotonic saline. In this way “reconstituted” cells with ATP 
contents of about 4mg/ml—i.e. 5 x normal—could be obtained. 
These cells were able to accumulate potassium for periods of several 
hours without added substrate, and although a small production of 
lactic acid showed that some glycolysis from endogenous substrate was 
going on it is unlikely that this contributed much energy as the accu 
mulation of potassium was unaffected by arsenate. GARDOS was 
unfortunately not able to relate active transport quantitatively to 
ATP breakdown, as the cells hydrolysed ATP even in the absence of 
potassium. A feature of these experiments that is not entirely satis- 
factory is that, because the volume of haemolysing fluid was so small, 
the ghosts were probably heavily contaminated with intact cells. 
Nevertheless, the accumulation of potassium when ATP was the only 
added substrate, and in the presence of arsenate, makes it unlikely that 
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intact cells were responsible for the results. It should be possible to 
confirm the role of ATP in active transport without resource to 
“reconstituted” cells by comparing the decline in flux rates with 
changes in ATP content and turnover under conditions in which the 
energy supplies of the cell were gradually exhausted. 

It is perhaps worth pointing out here that, on energetic grounds, it is 
unlikely that an energy-rich phosphate bond is split each time a Nat 
is exchanged for a K*. If glucose consumption is 1-5 mM/I cells/hr 
(Mazes, 1951; RAKER ef al., 1950), and each glucose is assumed to 
give rise to two new energy-rich bonds, then the expenditure of one 
bond per Na, K exchange would require about half the total production. 
To assess the minimum energy requirements of active transport it is 
necessary to make rather arbitrary assumptions about the independence 
or non-independence of the ion movements—obviously if all move- 
ments were by exchange diffusion a cell in a steady state would require 
no energy for ion transport. Harris and Mazes (1952), and SOLOMON 
(1952) calculated the energy required to bring about the influx of 
potassium and efflux of sodium against the concentration gradients 
assuming no contribution from the opposite fluxes, and found it to be 
about 10 cals/l. cells/hr. This may be compared with a total energy 
yield from glycolysis of 72 cal and a yield in the form of phosphate bond 
energy of about 30 cal. 


ll. The effects of cardiac glycosides on cation movements 

Although many substances affect sodium and potassium movements, 
nearly all of them act in one or other of two ways. Metabolic poisons 
inhibit active transport by interfering with the production of energy 
by the cell; the natural haemolysins, fat solvents and a variety of 
surface active agents increase “downhill” fluxes by making the 
membrane leaky. In 1953 ScHatrzMan found that strophanthin, an 
active principle from Strophanthus gratus, prevented the reaccumulation 


of potassium and expulsion of sodium that normally occur when cold- 


stored cells are incubated with glucose. As this effect was not accom- 
panied by any change in oxygen consumption or lactic acid production, 
he concluded that the drug acted beyond the stages of glycolysis or 
respiration, but his results did not show whether the action was 
directly on the carrier mechanism or on the reactions by which energy 
from glycolysis was made available to the pump. Effects on the ion 
fluxes similar to those described by ScHATZMAN have since been 
obtained with several different cardiac glycosides by Joycr and 
WEATHERALL (1955), GLYNN (1955, 1957), KAnN and ACHESON (1955), 
Harris and PRANKERD (1955), and SoLoMon, GILL, and Goip (1956). 

GLYNN (1955, 1957) argued that if the glycosides acted by preventing 
metabolic energy from reaching the ionic pump their action should be 
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restricted to those fluxes which were reduced by depriving the cell of 
glucose: if, however, the action was directly on the carrier mechanism 
an effect might be expected on those fluxes, or those components of 
fluxes, which were quite unaffected by removal of glucose. In a series 
of experiments with digoxin and scillaren he found that the effects 
were not limited to the active fluxes. The extra sodium influx which 
occurs in the absence of potassium was completely abolished by 
digoxin; sodium efflux in the absence of potassium was reduced by 
about 50 per cent; and potassium efflux was reduced by about 25 per 
cent. All these fluxes (with the possible exception of the last) were 
unaffected by removal of glucose, and all are believed to be passive. 
He concluded that interference with the energy supply did not provide 
an adequate explanation for the effects of the cardiac glycosides, and 
that they must therefore act on the carrier mechanism. 

Some doubt was cast on this conclusion by the observation of 
HARRIS and PRANKERD (1955) that the effect of digoxin was antago- 
nized by adenosine. Since adenosine is thought to undergo phosphoro- 
lysis at the cell surface and to provide phosphorylated intermediates 
for glycolysis without the mediation of hexokinase, it seemed possible 
that digoxin might act by interfering with this enzyme. Recently, 
however, WuitTTaM (1956) has shown that digoxin does not alter the 
levels of organic phosphate in fresh or cold-stored cells, and that it 
does not affect the resynthesis of ATP by cold-stored cells when they 
are incubated with glucose. The conclusion that the action of digoxin 
lies elsewhere than on the energy supply is therefore almost certainly 
correct. 

By investigating the actions of a number of substances related to the 
cardiac glycosides GLYNN (1955, 1957), and Kaun and AcHEson (1955) 
have been able to define certain molecular features that seem to be 
necessary for action on the ion fluxes. SCHATZMAN, in his original 
paper (1953), showed that the cardiac aglycones strophanthidin and 
digitoxigenin had similar effects to the glycosides, so the sugar 
moiety is clearly not essential for activity. All the active aglycones 
consist of a five- or six-membered unsaturated lactone ring attached 
in the « configuration to the C,, of a cyclopentanophenanthrene 
nucleus. Saturation of the lactone ring or f/ configuration at C,, 
greatly reduced activity. « Angelica lactone, which has a methyl 


group on the y carbon, instead of a steroid nucleus on the # carbon, had 


no action except at very high concentration. 

The molecular form of the active substances suggests that the 
steroid portion of the molecule confers the necessary solubility and 
geometric properties, while the lactone ring provides the active centre. 
What this active centre reacts with is unknown, but it may be the 
potassium carriers as GLYNN (1957) finds that scillaren A at very low 
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concentrations behaves as a competitive inhibitor of potassium entry. 

Another hypothesis considered by GLYNN was that the action of the 
sardiae glycosides depended on the chemical relationship between the 
cardiac aglycones and the mineralocorticoids. This relationship was 
remarked on by RrICHSTEIN and SHOPPEE (1943), who pointed out 
that # oxidation of the aglycones yielded compounds resembling the 
corticoids. Since the mineralocorticoids have dramatic effects on 
sodium and potassium movements in kidney tubules and salivary 
glands it seemed possible that cardiac glycosides might act by simu- 
lating them and either reproducing their actions or acting as competitive 
inhibitors. Resemblances between the effects of strophanthin and 
adrenal hormones in the intact animal have in fact been noted by 
ZWEMMER, LOWENSTEIN, and Pines (1940). The effects of the adrenal 
steroids on red cells are, however, extremely feeble. STREETEN and 
SoLoMoN (1954) investigated the action of cortisone and ACTH in vivo 
and of cortisone and hydrocortisone in vitro and found only small 
effects. SCHATZMAN (1954) using desoxycorticosterone acetate, obtained 
rather more dramatic results but found it necessary to have the 
steroid present in a concentration of 10-° g/ml. GLyNn (1957), 
seeking some interaction between the cardiac glycosides and the 
mineralocorticoids, tried the effects of aldosterone (10~° g/ml) and of 
unesterified desoxycorticosterone (10~° g/ml) alone and together with 
digoxin. He found that neither compound had any effect on sodium 


efflux or potassium influx, and that neither appeared to interfere with 


the effects of digoxin. These negative results not only do not support 
the idea that the cardiac glycosides act through their resemblance to 
mineralocorticoids, but even make one wonder whether the converse 
might not be true—i.e. whether the action of mineralocorticoids on, 
say, kidney tubules might be due to the conversion of the mineralo- 
corticoids to substances like cardiac aglycones. 

The work of Cavaturro and Hasketi (1945) and of HauscuKa, 
TOENNIES, and Swarn (1945) on the reactions of unsaturated lactones 
with SH groups suggests that the cardiac glycosides are potential SH 
reagents. However, ultra-violet absorption measurements showed no 
sign of interaction in vitro between aqueous solutions of digoxin and of 
glutathione or cysteine, and the effects of cardiac glycosides are very 
different from those of iodoacetate, N-ethylmaleimide and _ p-chlor 
mercuribenzoate (GLYNN, unpublished data). 


12. The number of carrier sites 

Since the cardiac glycosides appear to act on the carrier mechanism 
even at dilutions in which relatively few molecules of drug are present 
they can be used to assess the number of carrier sites. To argue from 
the number of molecules of inhibitor to the number of sites inhibited is 
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justifiable provided that one inhibitor molecule can inhibit only one 
site; it is necessary to exclude the alternative possibility that a single 
molecule of inhibitor can pass from site to site irreversibly inhibiting 
ach site visited. A detailed investigation of the effects of very low 
concentrations of scillaren led GLYNN (1957) to believe that the latter 
possibility was unlikely, and he estimated from his results that the 
number of sites on each cell responsible for the part of the potassium 
influx that is sensitive to scillaren was, at most, of the order of 1000. 
This is a remarkably low figure but the absolute magnitude of potassium 
influx is extremely small compared, say, with what it would be in the 
absence of a membrane, and the figure of 1000 carrier sites does not 
demand an impossibly high turnover rate at each site, nor is diffusion 


up to each site anywhere near limiting. One has, of course, no idea of 


the size of a carrier site but on any reasonable estimate it is difficult 
to avoid the conclusion that only a minute fraction of the cell surface 
is concerned with active cation transport. The importance of this, if 
it is true, is that methods which investigate the membrane in bulk are 
perhaps rather unlikely to throw much light on the molecular basis of 


ion penetration. 


13. lon transport systems 
In this final section it is proposed to discuss in rather general terms 
the kind of mechanism that could account for the transport of cations 
across the red cell membrane. There are two main features to be 
explained: the uphill nature of the cation movements, and the differ 
ence in the behaviour of the membrane to sodium and to potassium. 
Where net movements of ions occur against electrochemical potential 
gradients the ions must at some stage during their passage across the 
membrane enter into combination with other ions or molecules: 
these may for convenience be called carriers. Usstve (1949) has stated 
that for ‘uphill’? movements to occur the formation and dissociation 
of the carrier ion complexes must be spatially separated, and in a 
strict sense of “uphill” this is true. If, however, a stationary carrier 
ion complex situated near one face of the membrane dissociated in such 
a way that the liberated ion had a high kinetic energy, or an orientation 
favourable to penetration, the effective activity of the ion would be 
locally increased and a net movement could occur which would appear 
to be “uphill” if the bulk activities were considered. Energy would, 
of course, be required to provide the high kinetic energy or particular 
orientation. Similarly, if the splitting of the complex were associated 
with the opening of a hole in the membrane adjacent to the liberated 
ion, the effective activity near the hole during the time the hole was 
open would be higher than the activity in the bulk of the solution and 
movements against the electrochemical potential gradient might 
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appear to occur. Provided that energy was available to open the hole 
when the complex dissociated there is nothing ““demoniacal’’ about this 


suggestion, 
If spatial separation of the formation and splitting of the complex 
were part of the mechanism then energy could be introduced either by 


being used to move the complex across the membrane—as water is 
drawn from a well by a pull on the rope—or in forming the carrier at 
one face of the membrane and destroying it at the other so that the 
movement of the complex, as distinct from the ion, was ‘‘downhill.”’ 
The contractile protein hypothesis of GOLDACRE (1952) and the 
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Fig. 10. A carrier hypothesis to explain the link between sodium and potassium 


movements. Redrawn from SuHaw (1954). 


rotating segments of LUNDEGARDH (1954) involve the former method. 
The latter is exemplified by OsTERHOUT’s classical guaiacol model 
(1940), and by various theoretical models put forward by FRANCK and 
Mayer (1947), Sotomon (1952), SHaw (1954), and HopeGkrn and 
KEYNES (1955a). 

The difference in the behaviour of the membrane to sodium and 
potassium is generally supposed to be due to the existence of carriers 
with different affinities for the two ions. SHaw (1954) has put forward 
a hypothesis (Fig. 10) of which the essential features are that Nat and 
K+ are carried across the membrane by the diffusion of lipoid soluble 
carriers more or less specific for one or other ion; that at the outside 
surface of the membrane the sodium carriers are converted to potassium 
carriers with the loss of free energy; and that at the inside surface the 
potassium carriers are reconverted to sodium carriers with the expendi- 
ture of energy from metabolism. The carriers are supposed to be 
unable to cross the membrane except when carrying ions. The theory 
provides a neat explanation of the active transport of sodium and 
potassium, and of the linkage between the two. Furthermore, it 
accounts for the deviation of the passive fluxes from the Ussing flux 
ratio and for the “exchange diffusion”’ features, since in the absence of 
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metabolizable substrate the carriers would still be able to shuttle 
backwards and forwards carrying ions. The effect of external potassium 
on sodium influx can be explained by supposing either that in the 
absence of potassium the sodium carriers accumulate at the outside 
surface and, by displacement of the equilibrium, are converted to 
potassium carriers; or, more simply, that in the absence of potassium 
sodium is carried m on the potassium carriers. One of the strongest 
pieces of evidence put forward by SHaw was that in the absence of 
glucose horse cells showed a great rise in the maximum size and half- 
saturation value of the Michaelis component of potassium influx. 
This was readily explained by supposing that, through the inability of 
the cell to carry out the conversion at the inside of the membrane, 
potassium carriers accumulated and shuttled backwards and forwards 
carrying potassium. In human cells, however, GLYNN (1956) found 
that absence of glucose led to diminution in the Michaelis component 
with no change in the half-saturation value, and this is very difficult 
to explain on SHAW’s theory. The difference between horse and human 
cells in this respect may, perhaps, be related to the fact that horse 
cells, unlike human cells, are relatively impermeable to glucose 
(WILBRANDT, 1938), and glycolyse very slowly (MEYERHOF, 1932). 
The properties required of the carriers in SHAw’s model, and in other 
similar models, are that they should be lipoid soluble and should form 
more or less specific lipoid soluble complexes with sodium and potassium 
ions. Complexes of organic molecules and metal ions are soluble in 
lipoids only if the charge on the ions is effectively shielded, as happens 
for example in complexes formed with various chelating agents. On 
the whole the alkali metals do not readily form chelate complexes, but 
some have been described and of these a few are soluble in organic 
solvents. When complexes are formed with sodium and potassium 
there is usually a slight preference for one or other ion—ethylene 
diamine-tetracetic-acid and pyridoxal, for example, prefer sodium; 
acetoacetic ester and several other § dicarbonyl compounds prefer 
potassium (SCHWARZENBACH and ACKERMANN, 1947; CHRISTENSEN, 
1955; Stp@wick and Brewer, 1925). A report by Lamm and MALM 
GREN (1940) that certain polymers of metaphosphoric acid had a 
specific affinity for sodium aroused considerable interest in view of the 
role of polyphosphates in supplying energy to the pump, but ANDERSON 
and LEHMAN (1952), were unable to confirm this claim. Recently 
Sotomon, LIONETTI, and CuRRAN (1956) have shown that extraction 
of red cells with hot chloroform methanol mixtures followed by 


evaporation yields a heterogeneous lipid fraction which possesses the 


property of taking appreciable amounts of sodium and potassium into 
solution in dry chloroform. The amounts of the two ions taken up are 
not in the ratio of their concentrations in the aqueous phase, the lipid 
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apparently preferring potassium to sodium by a factor of 2-7: 1. Similar 
results with considerably greater preference ratios were obtained with 


several pure lipids. Experiments with *K showed that if the chloro- 


form solution was shaken with water about one-third of the radio- 
activity passed into the water. If the water was now shaken with 
fresh chloroform no activity could be detected in the chloroform, so 
presumably the lipid had not entered the water phase but had merely 
liberated #*K into it. SOLOMON ef al. point out that since the lipid 
fraction (i) combines with potassium in preference to sodium, (ii) 
dissolves in organic solvents and (ili) can take K* ions into an organic 
phase and liberate them later into an aqueous phase, it possesses, in 
some degree, three of the essential properties of a potassium carrier. 
In assessing the significance of these results there are two reasons for 
caution. First, the fact that several different pure lipids behave in the 
same way as the lipid extracted from red cells, and in fact give better 
discrimination between sodium and potassium, suggests that the effect 
is rather general. Secondly, there is evidence that not only potassium 
and sodium ions but a whole range of water soluble substances—salts, 
sugars, glycosides, and alkaloids—can be taken up into organic solvents 
by lecithin and cephalin fractions (Brine, 1901; FRANK, 1913; Bakr, 
Mavurukas, and Russexs, 1952). It is possible that the hydrophilic 
substances in the organic phase are occluded within the aqueous centre 
of lipid micelles. If the micelles were small enough the influence of the 
inwardly directed polar ends of the lipoid molecules could probably 
account for the selectivity. It may be, however, that in the past too 
much emphasis has been placed on the lipoid solubility of sodium and 
potassium carriers. If cation transport occurs through a minute 
fraction of the surface there is no reason to believe that this fraction 
is predominantly fatty. 

To account for the discrimination between sodium and potassium on 
the basis of differences in their affinity for carrier molecules, these 
differences must be very considerable. Potassium is taken up preferen 
tially from a solution containing twenty times as much sodium as 
potassium so that, unless there is selection at more than one stage 
during the passage of each ion through the membrane, the potassium 
carrier would have to prefer potassium by a factor of at least 20:1. 
No known chelating agent or lipid fraction shows this degree of 
preference. 

BREGMAN (1954) has discussed the relative affinities of acidic groups 
for different univalent cations, in relation to the selectivity of cation 
exchange resins. If the ions are x and y the selectivity can be defined by 
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where n, and 7, are the numbers of moles of x and y in the resin, and 
a, and a, are the activities in the external solution. Comparison of the 
relative affinities of sulphonic, carboxylic, and phosphoric acid resins 
for Lit, Na+, and K+ showed that the sulphonic resin, with strongly 
acidic groups, preferred the ion with the smallest hydrated volume 


(K+), while the phosphoric and carboxylic resins, with weakly acidic 


groups, preferred the ion with the smallest unhydrated volume (Li*). 
BREGMAN compared these results with those of TruNiIssEN and 
BUNGEBERG DE JONG (1938), who studied the reversal of charge on 
organic colloids by alkali metal ions and found that with sulphate 
colloids the order of effectiveness was K+ > Na Lit, and with 
phosphate colloids Lit > Nat > K*. According to Brea@man the 
factor deciding the order, both in his work and in the work of 
TEUNISSEN e¢ al., was whether the acidic group was more or less 
polarizable than water. The order of polarizability (calculated from 
molecular refraction) he gives as PO,?- > COO- > H,O > SO,?-. If 
the anion is more polarizable than water it will partly replace water 
in the hydration shell of the cation; the ion with the smallest unhy- 
drated volume will be able to get closest and will therefore be the most 
firmly bound. If the anion is less polarizable than water it will not 
displace water from the hydration shell, and the affinity will depend 
on the size of the hydrated ion. The preference of a sulphonic acid 
resin for K+ over Lit was reversed in resins with a very high degree 
of cross-linkage, presumably because in such resins there is not room 
for enough water to provide complete hydration shells (GREGOR and 
BREGMAN, 1951). 

The chief interest of BREGMAN’s work is that it provides an explana- 
tion of the difference in selectivity of different negatively-charged 
groups, and that it indicates a possible way in which the relative 
affinities for K+ and Na* could be reversed. SHAW’s model can be made 
more definite by the suggestion that the reaction which occurs at the 
inside surface of the membrane is the alteration of a carrier molecule 
in such a way that the polarizability of an acidic group is increased. 
Unfortunately, the degree of discrimination shown by BREGMAN’s 
resins is nowhere near that required to account for the different 
treatment of sodium and potassium by the red cell membrane. 

Because the cell membrane is so much more selective than any 
known cation binding agent, it has been suggested that discrimination 
between sodium and potassium depends not on differences of affinity 
but on differences in reactivity of the sodium and potassium complexes. 
One possibility is that enzymes specifically activated by sodium or 
potassium ions might be involved—the enzymes need not have different 
affinities for Na+ and K+ but need merely be more active when binding 
one than the other. Several such enzymes have been described and 
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TABLE 3 
Enzymes Activated by Univalent Cations. (Reprinted from 
: } ( 


GLYNN, 1956) 
Enzyme Reference 


Pyruvic-phos- Muscle and vis : . a™, Li, Ce KACHMAR and 
phoferase cera of a vari 30YER (1953) 
ety of species 
Fructokinase Beef liver Mg K or NH, Hers (1952) 
weakly or Na 
very weakly 
Phospho-fructo Yeast K, NH,, Mg, Mn | Na in high | Munrz (1947) 


kinase conen. 

Acetate activat- | Pig heart ., Rb, Na, Li VON Korrr (1953) 
ing system 

“Choline Rat brain ‘ NACHMANSOHN 
acetylase”’ and Joun (1945) 

Phospho-trans Clostridiun K, Nea, la, Li STADTMAN (1952) 
acetylase kluyver ’ Divalent ions 

Aldehyde dehy- Yeast > I > i a ee BLACK L951) 
drogenase 

Galactosidase Bacterium col & a®. Li Coun and Monop 

(1951) 


Apyrase Rat brain y + Ni Urrer (1950) 


* In the absence of other ions sodium is weakly activating, 


if they are listed together with the ions that activate and inhibit them 
(Table 3) the antagonism between the effects of K* and Rb*, and those 
of Lit and Na? is striking. If it is assumed, in addition, that energy 
is fed into the transport system through the reactions of a K+ activated 
enzyme situated on the cell surface, the link between active sodium 
extrusion and the presence of extracellular potassium can be explained. 
Metcuior (1954) has studied the complexes formed between ATP 
and Nat and K* ions. His titration curves show that the dissociation 
constants of the two complexes are about the same, but studies with 
space models suggest that the configuration is probably rather different, 
as the difference in size between Na* and K+, although small, occurs 
at a size which is critical for the polyphosphate chain. He suggests a 
transport system in which ATP carries Na+ and K* ions indifferently 
but only the K+ complex, say, reacts with an enzyme and liberates the 
K+ ion. The energy for transport comes, of course, from the ATP. 
This brief review shows that there is no shortage of model systems 
which could account for cation transport; it is unfortunate that such 


systems are usually easier to design than to test. If the discrimination 


between sodium and potassium is achieved by sodium and potassium 
specific carriers it should eventually be possible to detect these, but 
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the task is likely to be made difficult by the presence in the cell of a 
vastly greater amount of material which binds both ions equally. If 
the carriers are soluble in organic solvents the technique used by 
SOLOMON, Lionerti, and CurRRAN (1950) may be successful, but they 
may not be soluble in organic solvents. It may even be that removal 


of the carriers from the membrane destroys their specificity. If sodium 


or potassium activated enzymes are responsible for the transport of 
ions it may be profitable to localize the position of such enzymes 
within the cell—to be able to say, at least, on which side of the mem- 
brane the activating ion must be. Of the connection between energy 
supply and active transport nothing is known except that the energy 
seems to be made available as ATP. The role of the ATP-ase on the 
outer surface of the red cell (CLARKSON and Maizexs, 1952; HERBERT, 
1956) might repay investigation. 


REFERENCES 


ABRAMSON H., A. (1929) The cataphoretie velocity of mammalian red blood cells. 
J. Gen. Physiol. 12, 711-725. 
ABRAMSON H. A., GORIN M. H., and Moyer L. 8. (1939) The polar groups of 
protein and amino-acid surfaces in liquids. Chem. Rev. 24, 345-366. 
ALIVISATOS S. G. A. and DENSTEDT O. F. (1951) Lactie de hydrogenase and DPN- 
ase activity of blood. Science 114, 281-283. 

ALTMAN K. I. (1953) The in vitro incorporation of «MC acet » into the stroma of 
erythrocytes. irch. Biochem. 42, 478-480. 

ANDERSEN B. and LEHMAN K. (1952) On the alleged complexity of sodium in 
polyhexametaphosphate. Acta Chem. Scand. 6, 613-614. 


BAER E., MAURUKAS J., and RuUsSELS M. (1952) Synthesis of enantiomeric « 
cephalins. J. Amer. Chem. Soc. 74, 152-157. 

BALLENTINE R. (1944) Stromatin. J. Cell. Comp. Physiol. 28, 21-26. 

BALLENTINE R. and PARPART A. K. (1940) The action of lipase on the red cell 
surface. J. Cell. Comp. Physiol. 16, 49-54. 

BATEMAN J. B. and ZELLNER A. (1956) The electrophoretic properties of red 
blood cells: the effect of changing pH and ionic strength. Arch. Biochem. 
60, 44-51. 

BERNHARD W. (1952) Electron microscope studies on thin sections of human 
erythrocytes. Nature, Lond. 170, 359-360. 

BERNSTEIN S.S., JONES R. L., ERICKSON B. N., WILLIAMS H. H., ARVIN I., and 
Macy I. G. (1938) A method for the preparation of post-hemolytic residue 
or stroma of erythrocytes. J. Biol. Chem. 122, 507-528. 

Bessis M. et Bricka M. (1949) Nouvelles études sur les cellules sanguines au 
microscope électronique avec une étude particuliére de leur ultrastructure 
Arch. Anat. Microsc. 38, 190-215. 

Bessis M. et Bricka M. (1950) Etudes au microscope électronique sur Vhémo- 
lyse, agglutination, la forme et la structure des globules rouges. Revue 
Hématol. 5, 396-427. 

Bina H. J. (1901) Uber Lecithinverbindungen. Skand. Arch. Physiol. 11, 166-175. 

BLAcK S. (1951) Yeast aldehyde-dehydrogenase. Arch. Biochem. 34, 86-97. 

Biack E. C. and IRVING L. (1938) The effect of hemolysis upon the affinity of 
fish blood for oxygen. J. Cell. Comp. Physiol. 12, 255-262. 


297 





THE IONIC PERMEABILITY OF THE RED CELL MEMBRANE 


Biopaett K. B. (1939) Use of interference to extinguish reflection of light from 
glass. Phys. Rev. 55, 391-404. 

BuiopeGettr K. B. and LANGMuIR I. (1937) Built up films of barium stearate and 
their optical properties. Phys. Rev. 51, 964-982. 

BoszORMENYI-NAGyY I. and KuEBER I. (1955) Effect of insulin on the metabolism 
of phosphorus in human erythrocytes. Biochim. Biophys. Acta 18, 301-303. 

BoTHWELL T. P., ScHwWAN H. P., and Wrercinski F. J. (1954) Electrical pro- 
perties of beef erythrocyte suspensions at low frequencies. Fed. Proc. 
13, 15. 

BREGMAN J. I. (1954) Cation exchange processes. Ann. New York Acad. Sci. 57, 
125-143. 

Bropsky W. M., Ream W.S., and McInrosH B. J. (1953) Osmotic equilibria of 
tissues. J. Clin. Invest. 32, 556. 

Burt N.S. and Rossirer R. J. (1950) Lipids of rabbit blood cells. Data for red 
cells and polymorphs. Biochem. J. 46, 569-572. 


CAVALLITO C, J. and HASKELL T. H. (1945) The reaction of unsaturated lactones 
with cysteine and related compounds. J. Amer. Chem. Soc. 67, 1991-1994. 


CHALFIN D. (1956) Differences between young and mature rabbit erythrocytes. 
J. Cell. Comp. Physiol. 47, 215-223. 

CHRISTENSEN H. N. (1955) Possible role of chelation between alkali metals and 
pyridoxal in biological transport. Science 122, 1087—1088. 

CHRISTENSEN H. N. and Riaes T. R. (1952) Concentrative uptake of amino-acids 
by the Ehrlich mouse ascites carcinoma cell. J. Biol. Chem. 194, 57-68. 

CLARKSON E. M. and Maizets M. (1952) Distribution of phosphatases in human 
erythrocytes. J. Physiol. 116, 112-128. 

CLARKSON E. M. and Maizets M. (1956) Sodium transfer in human and chicken 
erythrocytes. J. Physiol. 129, 476-503. 

Coun W. E. and Coun E. T. (1939) Permeability of red corpuscles of the dog to 
sodium ions. Proc. Soc. Exp. Biol. N.Y. 41, 445-449. 

CoHN M. and Monop J. (1951) Purification et propriétés de la f-galactosidase 
(lactase) d’Escherichia coli. Biochim. Biophys. Acta 7, 153-174. 

CoMAN D. R. and ANDERSON T. F. (1955) A structural difference between the 
surfaces of normal and of carcinomatous epidermal cells. Cancer Res. 
15, 541-543. 

COULTER C. B. (1920) The isoelectric point of red blood cells and its relation to 
agglutination. J. Gen. Physiol. 3, 309-323. 

CREESE R. (1954) Measurement of cation fluxes in rat diaphragm. Proc. Roy. Soc. 
B142, 497-513. 


CROGHAN P. C. (1956) Ph.D. Thesis. Cambridge University. 


DANDLIKER W.S., Moskow1Tz M., Zim B. H., and CALVIN M. (1950) The phy- 
sical properties of elinin, a lipoprotein from human erythrocytes. J. Amer. 
Chem. Soc. 72, 5587-5592. 

DaNnowskI T. S. (1941) The transfer of potassium across the human blood cell 
membrane. J. Biol. Chem. 189, 693-705. 

DAVIDSEN H. G. and KJERULF-JENSEN K. (1950) Potassium uptake of normal 
and low potassium human red corpuscles. Proc. Soc. Exp. Biol. N.Y. 74, 
477-480. 

Davson H. (1943) The Permeability of Natural Membranes, Chapter XII, ed. 
DAVSON and DANIELLI. 

DAVsSON H. and DANIELLI J. F. (1943) The Permeability of Natural Membranes. 
Cambridge University Press. 


298 





REFERENCES 


DEAN R. B., Noonan T. R., HArgGE L., and Fenn W. O. (1941) Permeability 
of erythrocytes to radioactive potassium. J. Gen. Physiol. 24, 353-365. 

DIRKEN M. N. J. and Mook H. W. (1931) The rate of gas exchange between 
blood cells and serum. J. Physiol. 73, 349-360. 

DiscHE Z. (1951) Synthesis of hexose mono- and diphosphate from adenosine 
and ribose 5-phosphate in human blood. Symposium on Phosphate Meta- 
bolism, ed. MCELROY and Guass. 1, 171—199. 

Dosson A. (1955) The forces moving sodium ions through the rumen epithelium 
J. Physiol. 128, 39P. 

DOWNMAN C. B. B., OLIvER J. O., and YounG I. M. (1940) Partition of potassium 
in stored blood. Brit. Med. J. 1, 559-561. 

DRABKIN D. L. (1950) Spectrophotometric studies XV. Hydration of macro- 
sized crystals of human hemoglobin, and osmotic concentrations in red 
cells. J. Biol. Chem. 185, 231-245. 

Drew C. R., EDSALL K., and ScuDDER J. (1939) Studies in blood preservation. 
Kate of cellular elements in relation to potassium diffusion. J. Lab. Clin. 
Med. 25, 240-245. 

DULIERE W. L. (1931) La teneur en potassium et l’Age d’un sérum. C.R. Soc. Biol. 
Paris 107, 261-264. 

DUNHAM IK. T. (1954) personal communication quoted by TOSTESON (1955). 

KCKEL R. E. (1954) The effect of fluoride on potassium transport and permeability 
in human erythrocytes in vitro. Amer. J. Physiol. 179, 632. 

EDELBERG R. (1952) The action of tannic acid on the erythrocyte membrane. 
J. Cell. Comp. Physiol. 40, 529-548. 

EKISENMANN A. J., Orr L., Smirx P. K., and WINKLER A. W. (1946) A study of 
the permeability of the human erythrocyte to potassium, sodium, and 
inorganic phosphate, by the use of radioactive isotopes. J. Biol. Chem. 135, 
165-173. 

ERICKSON B. N., WILLIAMS H. H., BERNSTEIN S. S., ARVIN I., JoNES R. L., and 
Macy I. G. (1938) The lipid distribution of post-hemolytic residues or 
stroma of erythrocytes. J. Biol. Chem. 122, 515-528. 


FERGUSON J. K. W., HorvatH 8S. M., and PAPPENHEIMER J. R. (1938) The trans 
port of carbon dioxide by erythrocytes and plasma in dogfish blood. Biol. 
Bull., Wood's Hole 75, 381-388. 

FLYNN F.and MAIZELS M. (1949) Cation control in human erythrocytes. J. Physiol. 
110, 301-318. 

FRANCK J. and MAYER J. E. (1947) An osmotic diffusion pump. Arch. Biochem. 
14, 297-313. 

FRANK A. (1913) Uber das Vorkommen von Kephalin u. Trimyristin in der Leber. 
Biochem. Z. 50, 273-282. 

FRANKENHAEUSER B. and HopGkKIN A. L. (1955) The effect 
sodium permeability of a giant nerve fibre. J. Physiol. 128, 40P. 


of calcium on the 


FRAZIER H. S., SIcULAR A., and SoLtomMon A. K. (1954) Potassium uptake by the 
dog erythrocyte. J. Gen. Physiol. 37, 631-641. 

FRICKE H. (1925) The electrical capacity of suspensions with special reference to 
blood. J. Gen. Physiol. 9, 187-152. 

FRICKE H. and Morse S. (1925) The electrical resistance and capacity of blood 


for frequencies between 800 and 474 million cycles. J. Gen. Physiol. 9, 
153-167. 

FurRcHGOoTT R. F. and PoNDER E. (1941) Electrophoretic studies in human red 
blood cells. J. Gen. Physiol. 24, 447-457. 


299 





THE IONIC PERMEABILITY OF THE RED CELL MEMBRANE 


GABRIO B. W. and HUENNEKENS F. M. (1955) Nucleoside metabolism of stored 
erythrocytes. Fed. Proc. 14, 217. 

GArRpDos G. (1954) Akkumulation der Kaliumionen durch menschliche Blutk6r- 
perchen. Acta Physiol. Hung. 6, 191-199. 

Garzo T., ULLMAN A., and STRAUB F.. B. (1952) Die ATP-ase der roten Blutkér- 
perchen. Acta Physiol. Hung. 8, 513-524. 

GERLACH KE. (1955) Einfluss von Stoffwechselgiften auf **PO, Turnover in 
Menschen u. Tauben Erythrocyten. Arch. Eap. Path. Pharmak. 
128-130. 

GERLACH E. (1956) Phosphate compounds and active cation transport in erythro 
cytes. {bstracts of communications to the X Xth International Physiol. 
Cong., Brussels, pp. 337-338. 

GIRARD-MANGIN and Henri V. (1904) Ktude de phenomene d’agglutination. (1) 
Agglutination des globules rouges par Vhydrate ferrique colloidal. C.R. 
Soc. Biol., Paris 56, S66—867. 

GLYNN I. M. (1954) Linked sodium and potassium movements in human red 
cells J. Physiol. 126, 35P. 

GLYNN I. M. (1955) The action of cardiac glycosides on red cells. J. Physiol. 128, 
56P. 

GLYNN I. M. (1956) Sodium and potassium movements in human red cells. J. 
Physiol. 134, 278-310. 

GLYNN I. M. (1957) The action of cardiac glycosides on sodium and potassium 
movements in human red cells. J. Physiol. 186, 148-173. 

GoLp G. L. and SoLomon A. K. (1955) The transport of sodium into human 
erythrocytes in vivo. J. Gen. Physiol. 38, 389-404. 

GOLDACRE R. J. (1952) The folding and unfolding of protein molecules as a 
basis of osmotic work. Jnt. Rev. Cytol. 1, 1385-164. 

GOLDMAN D. E. (1948) Potential, impedance, and rectification in membranes 
J. Gen. Physiol. 27, 37—60. 

Gorter E. and GRENDEL F. (1925) On bimolecular layers of lipoids on the 
chromocytes of the blood. J. Kap. Med. 41, 439-4438. 

GOURLEY D. R. H. (1952) The role of ATP in the transport of phosphate in the 
human erythrocyte. Arch. Biochem. 40, 1-12. Glycolysis and phosphate 
turnover. Arch. Biochem. 40, 13-19. 

RLEY D. R. H. (1956) Phosphate transfer in human erythrocytes. Fed. Proc. 
15, SO. 


RLEY D. R. H. and GemMibi C. L. (1950) The effect of temperature on the 


uptake of radioactive phosphate by human erythrocytes in vitro. J. cell. 
Comp. Physiol. 35, 341-352. 

RLEY D. R. H. and MATSCHINER J. 'T. (1953) Rates of exchange of phosphate 
ions in human, rabbit, and chicken blood. J. Cell. Comp. Physiol. 41, 225 


9or 
aod. 


EN J. W. (1949) The relative rates of penetration of the lower saturated 
monocarboxylic acids into mammalian erythrocytes. J. Cell. Comp. 
Physiol. 38, 247-266. 

GREGOR H. P. and BREGMAN J. I. (1951) Studies on ion exchange resins IV. 
Selectivity coefficients of various cation exchangers towards univalent 
cations. J. Colloid Sci. 6, 323-347. 

rns G. (1896) Uber den Einfluss geléster Stoffe auf die roten Blutzellen, in 
Verbindung mit den Erscheinungen der Osmose u. Diffusion. Arch. Ges. 


Physiol. 63, 86-119. 
300 





REFERENCES 


HAGERMANN J.S. and Goutp R. G. (1951) The in vitro interchange of cholesterol 
between plasma and red cells. Proc. Soc. Exp. Biol. 78, 329-332. 

Haun L. and Hevesy G. (1942) Rate of penetration of ions into erythrocytes. 
Acta Physiol. Scand. 3, 193-223. 

HAHN L. A., Hevesy G. Cu., and Resse O. H. (1939) Do the potassium ions 
inside the muscle cells and blood corpuscles exchange with those present 
in the plasma? Biochem. J. 88, 1549-1558. 

Hampi T. N. and Frerauson J. K. W. (1940) Hemolytic action of fluoride on 
certain nucleated erythrocytes. Proc. Soc. Eap. Biol. 44, 427-428. 

Harris E. J. (1954a) Linkage of sodium and potassium active trasnport in 


human erythrocytes. Symp. Soc. Exp. Biol. VIII. Active Transport and 


Secretion, pp. 228-241, ed. BROWN and DANIELLI. Cambridge University 
Press. 

Harris E. J. (1954b) Ionophoresis along frog muscle. J. Physiol. 124, 248-253. 

Harris EF. J. and Burn G. P. (1949) The transfer of sodium and potassium ions 
between muscle and the surrounding medium. TJ'rans. Faraday Soc. 45, 
5O8—528. 

Harris E. J. and Matzets M. (1951) The permeability of human red cells to 
sodium. J. Physiol. 118, 506-524. 

Harris EK. J. and Maizets M. (1952) Distribution of ions in suspensions of 
erythrocytes. J. Physiol. 118, 40-53. 

Harris E. J. and PRANKERD T. A. J. (1953) The rate of sodium extrusion from 
human erythrocytes. J. Physiol. 121, 470-486. 

HARRIS E. J. and PRANKERD T. A. J. (1955) The effect of adenosine on the 
movement of sodium between erythrocytes and the suspension medium. 
Biochem. J. 61, xix. 

Harris J. EK. (1941) The influence of the metabolism of human erythrocytes on 
their potassium content. J. Biol. Chem. 141, 579-595. 

HAUSCHKA T., TOENNIES G., and Swain A. P. (1945) The mechanism of growth 
inhibition by hexenolactone. Science 101, 383-885 

HEDIN S. G. (1898) Versuche iiber die Vermégen der Salze einige Stickstoff basen 
in die Blutkérperchen einzudringen. Arch. Ges. Physiol. 70, 523-5438. 

HENRIQUES V. and Orskov S. L. (1936) Untersuchungen iiber die Schwankungen 
des Kationgehaltes der roten Blutkérperchen. Skand. Arch. Physiol. 74, 
63-77. 

HERBERT E. (1956) A study of the liberation of orthophosphate from ATP by 
stromata of human erythrocytes. J. Cell. Comp. Physiol. 47, 11-36 

Hers H. G. (1952) Réle du magnésium et du potassium dans la réaction fructo 
kinasique. Biochim. Biophys. Acta 8, 424-430. 

HEVEsSY G. and HAHN L. (1941) K. Danske Vidensk. Selsk. 16, No. 1. 

Hint A. V. (1930) The state of water in muscle and blood, and the osmotic 
behaviour of muscle. Proc. Roy. Soc. B106, 477-505. 

HILLIER J. and HorrmMan J. F. (1953) On the ultrastructure of the plasma 
membrane as determined by the electron microscope. J. Cell. Comp. 
Physiol. 42, 203-247. 

HOBER R. (1904) Resorption u. Kataphorese. Arch. Ges. Physiol. 101, 607-635. 
Weitere Mittheilungen iiber Ionenpermeabilitaét bei Blutkérperchen. Arch. 
Ges. Physiol. 102, 196-205. 

HOBER R. (1936) The permeability of red blood corpuscles to organic anions. J. 
Cell. Comp. Physiol. 7, 367-391. 

HockKING C. S. (1955) Ph.D. Thesis. Cambridge University. 

HOpDGKIN A. L. and Karz B. (1949) J. Physiol. 108, 37. 


301 





THE IONIC PERMEABILITY OF THE RED CELL MEMBRANE 


HopGkKIN A. L. and KEyYNEs R. D. (1953) The mobility and diffusion coefficient 
of potassium in giant axons from Sepia. J. Physiol. 119, 513-528. 
HopGKIN A. L. and KEYNEs R. D. (1955a) Active transport of cations in giant 
axons from Sepia and Loligo. J. Physiol. 128, 28-60. 

HopGKIN A. L. and KEYNEs R. D. (1955b) The potassium permeability of a giant 
nerve fibre. J. Physiol. 128, 61-88. 

HoFFMAN J. F. (1956) Personal communication. 


Jacoss M. H. and Corson 8. A. (1934) The influence of minute traces of copper 
on certain hemolytic processes. Biol. Bull. 67, 325-326. 

Jacoss M. H. and Srewarr D. R. (1942) The role of carbonic anhydrase in 
certain ionic exchanges involving the erythrocyte. J. Gen. Physiol. 25, 
539-552. 

Jacoss M. H., Stewart D. R., and BuTLER M. K. (1943) Some effects of tannic 
acid on the cell surface. Amer. J. Med. Sci. 205, 154. 

JEANNENEY G., SERVANTIE L., and RINGENBACH G. (1939) Les modification du 
rapport K/Na du plasma dans le sang citraté conservé a la glaciére. C.R. 
Soc. Biol., Paris 180, 472—47 

Jonas H. and GourLey D. R. H. (1954) Effect of ATP, magnesium, and calcium 
on phosphate uptake by rabbit erythrocytes. Biochim. Biophys. Acta 14, 


” 
». 


335-345. 

JoRPES E. (1932) The protein component of the erythrocyte membrane or 
stroma. Biochem. J. 26, 1488—1503. 

Joyce C. R. B. and WEATHERALL M. (1955) Cardiac glycosides and the potassium 


exchange of human erythrocytes. J. Physiol. 127, 33P. 


KACHMAR J. F. and Boyer P. D. (1953) The potassium activation and calcium 
inhibition of pyruvic phosphoferase. J. Biol. Chem. 200, 669-682. 

KAHN J. B. JR. and ACHESON G. H. (1955) Effects of cardiac glycosides and other 
lactones and of certain other compounds on cation transfer in human 
erythrocytes. J. Pharmacol. 115, 305-318. 

Kautz J. and DEMARsSH Q. B. (1954) An electron microscope study of sectioned 
cells of peripheral blood and bone marrow. Blood 9, 24-38. 

KEYNES R. D. (1951) The ionic movements during nervous activity. J. Physiol. 
114, 119-150. 


KEYNES R. D. (1954) The ionic fluxes in frog muscle. Proc. Roy. Soc. B142, 


KEYNES R. D. and MAIset G. W. (1954) The energy requirement for sodium 
extrusion from a frog muscle. Proc. Roy. Soc. B142, 383-392. 

KLINGHOFFER K. A. (1935) Permeability of the red cell membrane to glucose. 
Amer. J. Physiol. 111, 231-242. 

Kocu H. J. (1954) Cholinesterase and active transport of sodium chloride through 
the isolated gills of the crab Eriocheir sinensis (M. Edw.). Recent Develop- 
ments in Cell Physiology, pp. 15-27, ed. KircHinG. London: Butterworths. 

KOEFOED-JOHNSEN (1955) Unpublished work quoted by UsstnG in Jon Transport 
across Biological Membranes, pp. 3-22, ed. CLARKE and NACHMANSOHN. 
New York: Academic Press. 


LAMM QO. and MALMGREN H. (1940) Dispersitétmessungen an einum hochpoly- 
meren Metaphosphat nach Tammann. Zeit. Anorg. Chem. 245, 103. 
Latra H. (1952) The surface of the mammalian erythrocyte. An electron 
microscope study of the effect of lipid solvents, fixatives, hypotonicity, and 

hemolysin (amboceptor) and complement. Blood 7, 508-521. 


302 





REFERENCES 


LEFEVRE P. G. (1948) Evidence of active transfer of certain non-electrolytes 
across the human red cell membrane. J. Gen. Physiol. 31, 505-527. 
LILLIE R. S. (1903) On differences in the direction of electrical convection of 

certain free cells and nuclei. Amer. J. Physiol. 8, 273-283. 

Linpvia P. E., Grrea M., and Prrerson S. W. (1951) The effects of acetyl 
choline and physostigmine on the permeability of human erythrocytes to 
sodium and potassium. Arch. Biochem. 30, 241-250. 

LOVE W. D. and Burcu G. E. (1953) Chloride exchange between human erythro- 
cytes and plasma studied with *®Cl. Proc. Soc. Exp. Biol. 82, 131-133. 

LUCKNER H. (1939) Uber die Geschwindigkeit des Austausches der Atemgase im 
Blut. Arch. Ges. Physiol. 241, 753-778. 

LUNDEGARDH H. (1954) Anion respiration. Symp. Soe. Exp. Biol. VIII. Active 
Transport and secretion, pp. 262-296, ed. BROWN and DANIELLI. Cambridge 
University Press. 

LYMAN R. A. (1945) The anti-hemolytic action of calcium in the blood of the 
snapping turtle Chelydra serpentina. J. Cell. Comp. Physiol. 25, 65-73. 


EOD J., SWAN R. C., and AITKEN G. A. (1949) Lithium: its effect on 
human spermatozoa, rat testicular tissue, and upon rats in vivo. Amer. J. 
Physiol. 157, 177-183. 

McKEE R. W., ORMSBEE R. A., ANFINSEN C. B., GEIMAN Q. M., and BALL E. G. 

(1946) Studies on malarial parasites VI. The chemistry and metabolism 
of normal and parasitized (P. knowlesi) monkey blood. J. Exp. Med. 84, 


569-582. 
MAIZELS M. (1934) The penetration of erythrocytes by anions. Biochem. J. 28, 
350. 

MAIZELS M. (1949) Cation control in human erythrocytes. J. Physiol. 108, 247-263. 

MAIZELS M. (1951) Factors in the active transport of cations. J. Physiol. 112, 
59-83. 

MAIzELS M. (1954a) Cation transport in chicken erythrocytes. J. Physiol. 125, 
263-277. 

MAIZELS M. (1954b) Active cation transport in erythrocytes. Symp. Soc. Exp. 
Biol. VIII, Active Transport and Secretion, pp. 202-227, ed. BROWN and 
DANIELLI. Cambridge University Press. 

MAIZELS M. and PATTERSON J. H. (1940) Survival of stored blood after trans 
fusion. Lancet 2, 417-420. 

MAIzELS M. and WHITTAKER N. (1940) Diluents for stored blood. Lancet 1, 590 
593. 

MEvcuHior N. C. (1954) Sodium and potassium complexes of ATP: equilibrium 
studies. J. Biol. Chem. 208, 615-627. 

MEYERHOF O. (1932) Uber die Abtrennung des milchséurebilden Ferments aus 
Erythrocyten. Biochem. Z. 246, 249-284. 

MITCHELL P. (1954) Transport of phosphate through an osmotic barrier. Symp. 
Soc. Exp. Biol., VIII. Active Transport and Secretion, pp. 254-261, 
BROWN and DANTIELLI. Cambridge University Press. 

MITCHISON J. M. (1953) A polarized light analysis of the human red cell ghost. 
J. Exp. Biol. 30, 397-432. 

Morris R. and Wriaut R. D. (1954) On the interaction of haemoglobin with 
sodium and potassium. Aust. J. Exp. Biol. Med. Sci. 32, 669-676. 
Morrison W. C. and NreuratuH H. (1953) Proteolytic enzymes of the formed 

elements of human blood. I. Erythrocytes. J. Biol. Chem. 200, 39-51. 

Moskow1Tz M. and CALtviIn M. (1952) On the composition and structure of the 

human red cell membrane. Hap. Cell Res. 3, 33-46. 


303 





THE IONIC PERMEABILITY OF THE RED CELL MEMBRANE 


Moskow1Tz M., DANDLIKER W. B., CALVIN M., and Evans R. S. (1950) The 
separation from human erythrocytes of a water soluble fraction containing 
the Rh, A, and B factors. J. Immunol. 65, 383-392. 

Mupp 8S. and Mupp B. H. (1926) On the surface composition of normal and 
sensitized mammalian blood cells. J. Kap. Med. 48, 127-142. 

MUELLER C. B. and Hastinas A. B. (1951) The rate of transfer of phosphorus 
across the red blood cell membrane. J. Biol. Chem. 189, 869-879. 

Muir H. M., NEUBERGER A., and PERRONE J. C. (1952) Further isotopic studies 
on haemoglobin formation in the rat and rabbit. Biochem. J. 52, 87-95. 

Muir H. M., PERRONE J. C., and Popsak G. (1951) Studies on the metabolism 
of the circulating erythrocyte in the rabbit. Biochem. J. 48, iv-v. 

MULLINS L. J., FENN W. O., NOONAN T. R., and HAEGE L. (1941) Permeability 
of erythrocytes to radioactive potassium, Amer. J. Physiol. 185, 938-101. 

Muntz J. A. (1947) The role of potassium and ammonium ions in alcoholic 
fermentation. J. Biol. Chem. 171, 653-665. 


NACHMANSOHN ID. and JOHN H. M. (1945) Studies on choline acetylase I. Effect 
of amino-acids on the dialysed enzyme. Inhibition by «-keto acids. J. Biol. 
Chem. 158, 157-171. 

NASSE H. (1878) Untersuchengen iiber den Austritt u. Eintritt von Stoffen 
durch die Wand der Haargefiisse. Arch. Ges. Physiol. 16, 604—634. 

Nopa L. H., KuBy S. A., and LARpyY H. A. (1954) ATP-creatine transphosphory- 
lase: kinetic and equilibrium studies. Fed. Proc. 18, 269. 


OsTERHOUT W. J. V. (1940) Some models of protoplasmic surfaces. Cold Spr. 
Harb. Symp. Quant. Biol. 8, 51-60. 


PARPART A. K. (1940) The permeability of the erythrocyte for anions. Cold Spr. 
Harb. Symp. Quant. Biol. 8, 25-27. 

PARPART A. K. (1942) The preparation of red cell membranes. J. Cell. Comp. 
Physiol. 19, 248-249. 

PARPART A. K. and BALLENTINE R. (1952) Molecular anatomy of the red cell 
plasma membrane. Trends in Physiology and Biochemistry, pp. 135-148, 
ed. E. 8S. G. BARRON. New York: Academic Press. 

PARPART A. K. and DzremiIAn A. J. (1940) The chemical composition of the red 
cell membrane. Cold Spr. Harb. Symp. Quant. Biol. 8, 17-22. 

PARPART A. K. and HorrMan J. F. (1952) Acidity vs. acetyl choline and cation 
permeability of red cells. Med. Proc. 11, 117. 

Passow H. (1956) Sulfationen-permeabilitat roter Blutkérperchen in Donnan 
Gleichgewicht. Abstracts of communications to XXth Int. Physiol. Cong., 
Brussels. 

PONDER E. (1942) On properties of the red cell ghost. J. Rap. Biol. 18, 257-265. 

PONDER E. (1948) Hemolysis and Related Phenomena. New York: Grune and 
Stratton. 

PONDER E. (1950) Accumulation of potassium by human red cells. J. Gen. Physiol. 
33, 745-757. 

PONDER E. (1954) Rehydration of human red cell ghosts. Nature, Lond. 178, 
1139-1140. 


PONDER E. (1955) Red cell structure and its breakdown. Protoplasmalogia, 
X.2, 1-123. 
PONDER E., Bessis M., and BRETON-Gortus J. (1952) Observations au microscope 


electronique de l’action de différent hémolysines sur la surface des globules 
rouges. Rev. Hematol. 8, 276-281. 


304 





REFERENCES 


PRANKERD T. A. J. and AuTmMAN K. I. (1954a) A study of the metabolism of 
phosphorus in mammalian red cells. Biochem. J. 58, 622-633. 

PRANKERD T, A. J. and ALTMAN K. I. (1954b) The effect of adenosine on the 
phosphate exchange in mammalian red blood cells. Biochim. Biophys. 


Acta 15, L58—159. 


RAKER J. W., TAYLOR I. M., WELLER J. M., and HAstiINGs A. B. (1950) Rate of 
potassium exchange of the humanerythrocyte. J.Gen. Physiol. 38, 691-702. 

RAPOPORT S. and LUEBERING J. (1952) An optical study of DPG-mutase. J. Biol. 
Chem. 196, 583-588. 

REICHSTEIN T. and SHOPPEE C. W. (1943) Hormones of the adrenal cortex. 
Vitam. and Horm. 1, 345-413. 

RUHENSTROTH-BAUER G. (1953) Uber den Austausch zwischen dem Cholesterin 
der EKrythrocytenoberfliche u. dem Cholesterin des Blutplasmas. Z. Ges. 
Eup. Med. 121, 475-479. 

RUHENSTROTH-BAUER G. und Scumipt K, (1954) Beitrag zur Frage der Dicke 
von Erythrocytenmembranen unter physiologischen Bedingungen. Arch. 
Ges. Physiol. 259, 207-211. 


Sacks J. (1949) A fractionation procedure for the acid soluble phosphorus com- 
pounds of liver. J. Biol. Chem. 181, 655. 

SCHATZMANN H. J. (1953) Herzglykoside als Hemmstoffe fur den aktiven Kalium 
und Natrium Transport durch die Erythrocytenmembran. Helv. Physiol. 

icta 11, 346-354. 

HATZMANN H. J. (1954) Die Wirkung von Desoxycorticosteron auf den aktiven 
Kationaustausche an Rattenblutzellen. Kaperientia 10, 189-190. 

‘HILD K. 'T. and MAURER W. (1952) Papierelektophoretische Untersuchung des 
Phosphor-stoffwechsels menschlicher Krythrocyten. Biochem. Z. 323, 
235-244. 

‘HMIDT (1867) Ber. Sachs. Ges. Wiss. Math. Physiol. 19, 30. 

‘HMITT I, O., BEAR R.S., and PONDER E. (1936) Optical properties of the red 
cell membrane. J. Cell. Comp. Physiol. 9, 89-92. 

‘HMITT F. O., BEAR R.S., and PONDER E. (1938) The red cell envelope con- 
sidered as a Wiener mixed body. J. Cell. Comp. Physiol. 11, 309-3138. 

HULMAN J. H. (1957) Contribution to general discussion on membrane pheno- 
mena. T'rans. Faraday Soc., in press. 

SHWARZENBACH G. and ACKERMANN H. (1947) Komplexone v. die Athylen- 
diamin-tetraessig-siure. Helv. Chim. Acta 30, 1798-1804. 

‘HWIETZER C. H. und Passow H. (1953) Kinetik u. Gleichgewichte bei der 
langsamen Anionpermeabilitaét roter Blutkérperchen. Arch. Ges. Physiol. 
256, 419-445. 

Scott G. T. and HAywarp H. R. (1954) Evidence for the presence of separate 
mechanisms regulating potassium and sodium distribution in Ulva 
lactuca. J. Gen. Physiol. 37, 601-620. 

SHaw T. I. (1954) Ph.D. Thesis. Cambridge University. 

SHAW T. I. (1955) Potassium movements in washed erythrocytes. J. Physiol. 129, 
464-475. 

SHEPPARD C. W. and MARTIN W. R. (1950) Cation exchange between cells and 
plasma of mammalian blood, I. Methods applied to potassium exchange in 
human blood. J. Gen. Physiol. 38, 703-722. 

SHEPPARD C. W., MARTIN W. R., and Bryt G. (1951) Cation exchange between 
cells and plasma of mammalian blood, II. Sodium and potassium exchange 


in the sheep, dog, cow, and man. J. Gen. Physiol. 34, 411-429. 


305 





THE IONIC PERMEABILITY OF THE RED CELL MEMBRANE 


SHEPPARD C. W. and Maruias P. J. (1954) Do red cells produce acetyl choline ? 
Fed. Proc. 18, 136. 

Srpewick N. W. and BREWER F. M. (1925) Co-ordinated compounds of the alkali 
metals, Part II. J. Chem. Soc. 127, 2379-2387. 

SoLDANO B. A. (1953) The kinetics of ion exchange processes. Ann. N.Y. 
Acad. Sci. 57, 116-124. 

SoLomon A. K. (1952) The permeability of the human erythrocyte to sodium and 
potassium J. Gen. Physiol. 36, 57-110. 

SoLomon A. K., Gitt T. J., and Goin G. L. (1956) Effect of cardiac glycosides on 
potassium transport in human red cells. Fed. Proc. 15, 174. 

Sotomon A. K. and Goup G. L. (1955) Potassium transport in human erythro- 
cytes: evidence for a three-compartment system. J. Gen. Physiol. 38, 371- 
104. 

SoLtomon A. K., Lionerri F., and CURRAN P. F. (1956) Possible cation carrier 
substances in blood. Nature, Lond. 178, 582-583. 
SOLOMON R. Z., HALD P. M., and Peters J. P. (1940) The state of the inorganic 
components of human red blood cells. J. Biol. Chem. 182, 721-738. 
STADTMAN E. R. (1952) The purification and properties of phosphotransacetylase. 
J. Biol. Chem. 196, 527—546. 

STEIN and DANTELLI (1957) Structure and function in red cell permeability. 7'rans. 
Faraday Soc., in press. 

STEINBACH H. B. (1940) Sodium and potassium in frog muscle. J. biol. Chem. 188, 
695-701. 

STEINBACH H. B. (1952) On the sodium and potassium balance of isolated frog 
muscles. Proc. Nat. Acad. Sci., Wash. 88, 451—455. 

STERN K. G., REINE M., and SILBER R. H. (1945) On the electrophoretic patterns 
of red blood cell proteins. A preliminary study. J. Biol. Chem. 161, 731-738. 

STRATMAN C. J. and Wricut R. D. (1948) Sodium, potassium balance in cells. 
Aust. J. Exp. Biol. 26, 493-495. 

STRAUB F. B. (1954) Uber die Akkumulation der Kaliumionen durch menschliche 
Blutkérperchen. Acta Physiol. Hung. 4, 235-240. 

STREETEN D. H. P. and SoLomon A. K. (1954) The effect of ACTH and adrenal 
steroids on potassium transport in human erythrocytes. J. Gen. Physiol. 
37, 643-661. 

Swan R. C. and Keynes R. D. (1956) personal communication. 

SwANN M. M. and Mircutson J. M. (1950) Refinements in polarized light 
microscopy. J. Hap. Biol. 27, 226-237. 

SzE&KELY M., MAnyar S., and Straus F. B. (1952) Uber den Mechanismus der 
osmotischen Himolyse. Acta Physiol. Hung. 8, 571-584. 


Taytor I. M., WELLER J. M., and Hastinas A, B. (1952) Effect of cholinesterase 
and choline acetylase inhibitors on the potassium concentration gradient 
and potassium exchange of human erythrocytes. Amer. J. Physiol. 168, 
658—665. 

TEORELL T. (1952) Permeability properties of erythrocyte ghosts. J. Gen. Physiol. 
35, 669-701. 

TEUNISSEN P. H. and BUNGEBERG DE JONG H. G. (1938) Negative, nicht ampho- 
tere, Bikolloide als hochmolekulare Elektrolyte, II. Kolloid-Beihefte 48, 


TERNER C., EGGLESTON L. V., and Kress H. A. (1950) The role of glutamic acid 


in the transport of potassium in brain and retina. Biochem. J. 47, 139-149. 


306 





REFERENCES 


TostEson D. C. (1955) Sodium and potassium transport in red blood cells. 
Electrolytes in Biological Systems, ed. A. M. SHANES. Washington: 
American Physiological Society. 

TostTEson D.C, (1956) Abstracts of communications to the X Xth Int. Cong. Physiol., 
Brussels, p. 892. 

TosTEson D. C. and RoBERTSON J. S. (1956) Potassium transport in duck red 
cells. J. Cell. Comp. Physiol. 47, 147-166. 


USSING H. H. (1949) Transport of ions across cellular membranes. Physiol. Rev. 
29, 127-155. 

Ussina H. H. (1950) The distinction by means of tracers between active trans- 
port and diffusion. Acta Physiol. Scand. 19, 43-56. 

Urrer M. F. (1950) Mechanism of inhibition of anaerobic glycolysis of brain by 
sodium ions. J. Biol. Chem. 185, 499-517. 


VON KorFF R. W. (1953) The effects of alkali metal ions on the acetate activating 
enzyme system. J. Biol. Chem. 208, 265-271. 


WaAuvUGH D. F. and Scumirr F. O. (1940) Investigations of the thickness and ultra- 
structure of cellular components by the analytical leptoscope Cold Spr. 
Harb. Symp. Quant. Biol. 8, 233-241. 

WHITTAM R. (1956) personal communication. 

Wippas W. F. (1954) Difference of cation concentrati foetal and adult 
sheep erythrocytes. J. Physiol. 125, 18P. 

WILBRANDT W. (1938) Die Permeabilitat der roten Blutkérperchen fiir einfache 
Zucker. Arch. ges. Physiol. 241, 302-309. 

WILBRANDT W. (1940) Die Abhangigkeit der lonenpermeabilitat der Erythrocyten 
vom glykolytischen Stoffwechsel. Arch. Ges. Physiol. 248, 519-532. 
WILLIAMS H. H., Erickson B. N., and Macy I. G. (1941) Chemical structure of 

the red blood cell. Quart. Rev. Biol. 16, 80-89. 


WoLPpERS C. (1955) personal communication quoted by PONDER. 


ZILVERSMIT D. B., ENTENMAN C., and FISHLER M. C. J. (1943) On the calculation 
of ‘turnover time”’ and ‘“‘turnover rate’’ from experiments involving the 
use of labelling agents. J. Gen. Physiol. 26, 325-340. 

ZUNTZ (1868) Beitr. zur Physiologie des Blutes. Dissertation Bonn. 

ZWEMMER R. L., LOWENSTEIN B. E., and Pines K. L. (1940) An experimental 


study of the similarities between cortin and some cardiac glucosides 


Endocrinology 27, 945-955. 
ZWICKAU K. (1941 ) Zur Frage der Erythrocy tenmembran Diss. Lab l bermi- 
kroskopie, p. 21. Berlin: Siemens and Halske 








be} 


THE PHYSICAL CHEMISTRY OF 
DEOXYRIBOSENUCLEIC ACID 


K. jg Shoot r 


CONTENTS 


INTRODUCTION 


. THE STRUCTURE OF THE MOLECULE 


. SIZE AND SHAPE OF DNA MOLECULES IN SOLUTION 


THE HETEROGENEITY OF DNA 

THE FLEXIBILITY OF THE DNA MOLECULI 
DENATURATION 

THE EFFECT OF UREA 

DEGRADATION 


THE INTERACTION OF DNA AND METAL CATIONS 


THE INTERACTION OF DNA AND ORGANIC CATIONS 


THE INTERACTION OF DNA WITH HISTONES 
ELECTROMETRIC TITRATION EXPERIMENTS 
REFERENCES 





5 


THE PHYSICAL CHEMISTRY OF 
DEOXYRIBOSENUCLEIC ACID 


K. V. Shooter 


I. INTRODUCTION 

SEVERAL reviews (JORDAN, 1951; CHARGAFF and Davripson, 1955; 
Davison et al., 1954; ZAMENHOF, 1956; ALLPRey et al., 1955; BUTLER 
and Davison, in press) dealing with the chemistry of deoxyribonucleic 
acid (DNA) have appeared in the last few years. The recent elucidation 
of the structure of the molecule has however opened up new fields for 
investigation. In this article, in addition to reviewing the recent work 
on the physical chemistry of DNA, an attempt has been made to 
co-ordinate some of the earlier work in terms of the molecular structure. 

When dealing with highly polymeric materials of biological origin, 
it is of great importance to be able to determine the extent of the 
damage or degradation which is produced by the methods of prepara- 
tion. In the case of DNA the work on the transforming principle has 
provided an extremely valuable yardstick in this respect (cf. the review 


by ZAMENHOF, 1956). It has been shown that the two most commonly 
used methods of isolating DNA from the nucleoprotein complex, 
treatment with amyl alcohol and chloroform (SEvaq@ et al., 1938; 
GULLAND ef al., 1947a; McCarry and Avery, 1946) and treatment with 


detergent (Kay ef al., 1952; ZAMENHOF ef al., 1953), do not destroy 
the biological activity of transforming DNA. It seems probable there- 
fore that DNA prepared from other sources using these methods can 
be assumed to be biologically intact. Further work has shown that the 
biological activity of transforming DNA can be destroyed in many 
ways, e.g. by short exposure to the action of deoxyribonuclease 
(AvERY ef al., 1944), exposure to ultraviolet light (ZAMENHOF et al., 
1954b), drying (Avery ef al., 1944), removal of salt from the solution 
(AvEerRY et al., 1944), by change of pH, or by heating (ZAMENHOF et al., 
1953; Avery ef al., 1944). In the majority of cases it has also been 
found that the loss of activity is associated with measurable, irrever- 
sible changes in the physicochemical properties of the DNA. From 
experiments of this nature the criteria by which the extent of degrada- 
tion and denaturation of a given sample of DNA can be characterized 
are being evolved. The results of these experiments and the correlation 
of the observed physicochemical changes with changes in the structure 
of the molecules are discussed later in this review. 
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II. THe STRUCTURE OF THE MOLECULE 


X-ray diffraction experiments using filaments drawn from concen- 
trated solutions have shown that DNA can exist in three main forms 
(FRANKLIN and GosLinGa, 1953a,b). At 75 per cent relative humidity it 
possesses a highly crystalline, stable structure (A). At higher humidities 
it is paracrystalline (structure B). At lower humidities the structure 
becomes disordered. The changes in structure involved are reversible, 
the interconversion of the three forms being achieved by varying the 
humidity. Since in the B form each molecule is surrounded by a sheath 
of water molecules and is hence relatively free from the interactions of 
its neighbours, it is this form which approximates most closely to the 
structure of the molecule in solution. 

In 1952, FurRBERG (1952) proposed that DNA existed in the form of 
single strand helixes with the bases stacked on top ef and parallel to 
each other, 3-4 A apart. AsTBuRY (1947) had suggested earlier that 
the observed 3-4 A spacing represented the distance between the bases. 
This single strand structure does not however account very well for the 
stability of the helix at high humidities. PAuLiye and Corry (1953) 
proposed a three strand helical model in which the phosphate groups 
formed the central core. The work of FRANKLIN and GosLine (1953a) 
on the A and B forms of DNA has however shown that the phosphate 
groups are accessible to water and must therefore be on the outside 
of any proposed structure. WILKINS ef al. (1953a,b) and FRANKLIN 
and GOSLING (1953a,b) have analysed the diffraction patterns and have 
confirmed that the molecules exist in a helical configuration. It was 
also shown that the same diffraction pattern was obtained with 
preparations of DNA from a very wide variety of sources (WILKINS 
et al., 1953a,b). Similar patterns were observed for nucleoprotamine, 
nucleoprotein, dried sperm, and centrifuged T2 bacteriophage (WILKINS 
et al., 1953a), indicating that no major change in structure is associated 
with the removal of protein during the preparation of the DNA. 
Further evidence of a degree of uniformity between samples of DNA 
from many different sources was obtained by CHARGAFF and _ his 
colleagues (1955, 1953) who found that although the relative propor 
tions of the purines to the pyrimidines differed widely the ratio of the 
amounts of adenine to thymine and of guanine to cytosine were close 
to unity. On the basis of this evidence Watson and Crick (1953, 
1954) proposed a structure for the DNA molecule involving two 


polynucleotide chains with the phosphate groups on the outside and 
the bases pointing inwards. Analysis of the possible ways of pairing 
the bases showed that hydrogen bonding between adenine and thymine 


and between guanine and cytosine would give a regular arrangement 
with a constant diameter of the helix of 20 A. The structure thus 
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provides an explanation for the results obtained by CHARGAFF ef al. 
Further support for this type of structure was provided by the titration 
studies of GULLAND, JORDAN, and TayLor (1947) and of CosGRovE and 
JORDAN (1949) who had shown that there was a marked hysteresis 
between the forward titration curve from pH 7 and the back titration 
curve from acid or alkaline pH. This difference in the titration curves 
was attributed to a non-random form of hydrogen bonding between 
the titratable groups of the bases. In terms of the Watson and Crick 
model it is now proposed (JORDAN, 1951) that the hydrogen bonds 
between the bases begin to break when the pH is raised above 11 or 
lowered below 5 resulting in an irreversible breakdown of the structure 
and a liberation of the groups which normally would titrate in the pH 
range 5-11. Once the structure has been destroyed, hydrogen bonding 
occurs at random and the titration curves become reversible. 

Detailed analysis of the diffraction pictures (FRANKLIN and GOSLING, 
1953a,b; Wiikins ef al., 1953b; FRANKLIN and GosLine, 1953, 
1955: FrEUGHELMAN ef a/., 1955) has corroborated the essential features 
of the model proposed by Watson and Crick though some modification 
of the dimensions of the molecule was found to be necessary. (For 
general reviews see JORDAN (1951) and CARLISLE and BERNAL, 1955.) 
The dimensions and characteristics of the two main forms can be 
summarized as follows. In the crystalline A form the two polynucleo- 
tide chains form helices 18 A in diameter spaced 14 A apart along the 
helix axis. The pitch of the helix is 28-1 A and there are eleven nucleo- 
tides on each chain per complete turn. The pairs of bases form a rod 
inclined at an angle of 65° to the axis of the helix. In the B form of the 


molecule the pitch of the helix increases to 33-1 A and there are ten 


nucleotides on each chain per complete turn. The pairs of bases form 
rods passing through and lying perpendicular to the axis of the helix. 

The analysis of the density of DNA in the A form together with the 
estimates of the size of the unit cell have confirmed that the 
structure contains two polynucleotide chains. Corresponding calcula- 
tions for the B form suggest a three- rather than a two-chain structure. 
It seems unlikely however that a reversible change between a three- 
and a two-chain structure would occur so that it must be concluded 
that the B form contains some units possessing a more compact 
structure than the rest. Calculations of the Fourier transform have 
corroborated that the B form is a twin chain molecule (FEUGHELMAN 
et al., 1955). It must be emphasized that the measurement of the 
intensity of the background scattering has shown that only 50-60 per 
cent of the DNA exists in a crystalline structure. It may also be noted 
that recent estimates of the ratios of the two pairs of bases are not 
exactly equal to unity (Lucy and Burier, 1954) though this may be 
in part due to experimental errors. 
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III. Size AND SHAPE OF DNA MOLECULES IN SOLUTION 


Early estimates of the molecular weight of DNA preparations were 
based on the combination of diffusion and sedimentation data obtained 
in the concentration range 1-0—0-02 per cent (JoRDAN, 1951). These 
results are to some extent suspect since the sedimentation coefficient 
increases rapidly as the concentration is lowered and extrapolation to 
infinite dilution is difficult. The recent introduction of a centrifuge cell 
that holds a 3 cm column of solution has made it possible to measure 
sedimentation rates using the Philpot-Svensson optical system, at 
concentrations down to 0-005 per cent. It may be noted that at this 
low concentration the sedimenting boundary shows an appreciable 
degree of spreading (OTH, 1955). Further improvement has been 
obtained by the use of an ultraviolet light absorption optical system 
with which measurements can be made down to 0-001 per cent (SHOOTER 
et al., 1955, 1956a; ScHUMAKER et al., 1957). For calf thymus DNA, 
measurements at these low concentrations can be used to obtain fairly 
accurate weight average sedimentation constants at infinite dilution, 
and values in the range 21—29S have been reported (SHOOTER et al., 
1956a). It has however been found that for some samples of DNA, e.g. 
from the bacteriophage D, of Salmonella enteritides, the dependence of 
sedimentation rate on concentration is so marked that even with 
measurements made at these low concentrations an accurate extrapola- 
tion to infinite dilution is not possible. Measurements at even lower 
concentrations, 10-°-10~-7 g ml . 
Rupert, and Herriot (1957) for the transforming principle of Haemo- 


1 have been made by GOODGALL, 


philus influenzae using the partition cell method. The relative amounts 
of DNA in the two parts of the cell were determined from transforming 
activity and **P assays. They found that in this range of concentrations 
S 27 + 2:5. 

So far no extensive work on the measurement of diffusion coefficients 
at comparable concentrations has been done. JAMES (1954) has des- 
cribed an apparatus which can be used at concentrations at least down 
to 0-001 per cent and has given a preliminary value of D, of about 
2 x 10-8 em? sec! for calf thymus DNA in water and in 0-2 M NaCl. 
Combining this value with S, = 20 10-15 gives M 5 108, 
GOODGALL et al. (1957) have reported a preliminary value of Do for 
the transforming principle of Haemophilus influenzae, measured by 
the sintered disc method, of 3 « 10-8 em? sece~!. Combining this with 
the sedimentation coefficient given above gives MW = 15 x 10°. In the 
absence of suitable diffusion data molecular weights have been esti- 
mated from sedimentation and viscosity data using the equation of 
MANDELKERN ef al. (1952) assuming the DNA particle to be a statistical 
coil (PEACOCKE and SCHACHMAN, 1954; SHoorTeER ef al., 1956). Until 
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more is known about the shape of the particle and the degree of 
heterogeneity of the preparations these results must be considered as 
tentative but the molecular weights calculated for calf thymus DNA 
6-12 x 10°, are of the same order of magnitude as those determined 
using other methods. 

Most of the recent estimates of the molecular weight have been 
obtained from light scattering experiments. The results and the 











Radius of gyration 











12 
Molecular weight x 10-® 


. Comparison of the molecular weight and radius of gyration of different 
samples of DNA. 
Data taken from SaprRown (1955). 
Data taken from Brown et al. (1955). 


techniques and theory involved in these experiments have been 
described by Stacey (1956). SaprRon (1955) has reviewed some of the 
results obtained and has listed the molecular weights of fifteen samples 
of calf thymus DNA ranging from 1-9-16-5 « 108. Dory (1955) has 
reported that of fifty preparations of calf thymus DNA investigated in 
his laboratory, apart from some early specimens, e.g. DNA prepared 
by the method of Sevac and GULLAND et al., for which M = 3-5 x 108, 
the majority of the results fall in the narrow range M = 5-8-7-7 x 108. 
Preparations of DNA from other sources have been examined in the 
latter laboratory and have been found to have molecular weights close 
to 6 x 10° (e.g. DNA from pneumococcus M = 7-7 x 10§; DNA 
from chicken erythrocytes M = 4:2 x 10°), Rowen and Norman 
(1954) have also reported that for DNA from FH. coli M =7 x 108. 
From electron and deuteron bombardment studies FLUKE et al. (1952) 
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have calculated that for the DNA of pneumococcus transforming 
principle 6 x 108, It has been suggested that DNA from all 
sources may have a molecular weight close to 6 x 10° but this sugges- 
tion seems a little premature in view of the much higher values reported 
by SapRON (1955) and SHoorer et al. (1956) for calf thymus DNA and 
by GoopGatt et al. (1957) for transforming principle of Haemophilus 
influenzae. Other high values have been reported by Brown, M’Ewen, 
and Pratt (1955) for DNA from £. coli (M = 9-1 « 108) and from 
avian tubercle bacillus (MU 3-5-14:4 x 108), A preliminary calcu- 


lation of the molecular weight from sedimentation and viscosity data 


for DNA from bacteriophage D, of Salmonella enteritides has given 
M 26 «x 10% (BARBU et al., in press). 

A comparison of the properties of different preparations of DNA 
can be obtained from a plot of the molecular weight against the radius 
of gyration of the molecule (SADRON, 1955). Both ot these quantities 
can be obtained unambiguously from light scattering data. As is shown 
in Fig. 1 the majority of the results fall in a somewhat broad band 
suggesting the existence of some uniform relationship between the size 
and the shape of the particles. Several preparations, however, differ 
markedly from the rest being apparently more compact for their size 
than the others. No complete explanation for these differences has 
yet been produced, although Pouyer et al. (1957) have suggested 
tentatively that the shape of the particles may be influenced by the 
use of salt or aleohol during preparation. 

Information about the shape of molecules can in theory be obtained 
from light scattering experiments but in the case of DNA the interpre- 
tation of the data for the angular distribution of the scattered light is 
difficult. Different authors have suggested that the particles are rigid 
rods (OsTER, 1950), statistical coils (SmrrH and SHEFFER, 1950), stiff 
coils (SmrirTH and SHEFFER, 1950; ROWEN ef al., 1953; Rowern, 1953; 
PETERLIN, 1953a; REICHMANN ef al., 1954), or branched coils (Dory and 
BuNCcE, 1952). The more recent data appear to preclude the possibility 
that the particles are rigid rods and no other evidence in favour of a 
branched chain molecule has been reported. REICHMAN ef al. (1954) 
have shown that the difference between the observed results and those 
calculated for a random distribution of statistical coils can be explained 
either (a) by assuming that the particles are statistical coils with a 
degree of heterogeneity characterized by M,,/M, = 6 or (6) if it is 
assumed that 7,,/.V/, 2 then it can be calculated that about half 
the particles are too stiff to fold into the shape of statistical coils. 
Attempts have been made to deal theoretically with this problem 
of the stiff coil and PETERLIN (1953a,b) has developed a theory 
for a homogeneous system of long chain molecules in which the 
shape of the molecule is related to the stiffness of the chain by a 
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parameter termed the persistence length. The extension of this theory 


to deal with a heterogeneous system has not yet been achieved. It is 
clear that in order to resolve these ambiguities in the interpretation 
of the light scattering data independent measurements of the degree 
of heterogeneity of DNA are required. 


[V. THe HETEROGENEITY OF DNA 


Determinations of the degree of heterogeneity have been made from 
studies of the sizes of the individual molecules in electron microscope 
photographs and from investigations of the sedimentation characteristics 
of DNA solutions at low concentrations. Photographs taken by 
BAYLEY (1951) showed the DNA molecules as a polydisperse system 
of spheres with an average molecular weight of about 10° More 
recently photographs have been obtained showing the molecules as 
filaments (Scorr, 1948; ScuustTer ef al., 1956) and from length 
measurements it has been estimated by WrILuLIAMs that J7,,/.17, 1-6. 
A typical electron microscope photograph of DNA is shown in Fig. 2. 
It may be noted that the filaments are slightly kinked or bent suggesting 
that the particle has some degree of flexibility. 

Sedimentation experiments in the concentration range 0-01—0-001 
have shown that the boundary exhibits a marked degree of spreading 
(SHOOTER ef al., 1956a). Calculations of the curve showing the distribu- 
tion of sedimentation coefficients indicated that the distribution did 
not change with time as sedimentation progressed and therefore that 
spreading due to diffusion or convection was negligible. Further 
demonstration of the stability of sedimenting boundaries at these low 
concentrations was obtained from a study of solutions of turnip 
yellow mosaic virus. Five measurements at concentrations between 
0-3 per cent and 0-002 per cent gave the sedimentation coefficient as 
114 + 38. The error is only very slightly greater (4 per cent) than the 
random error observed when using the Spinco ultracentrifuge for 
repeated measurements at the same concentration. Since the virus 
molecule is approximately spherical in shape these results demonstrate 
that the stability of the sedimenting DNA boundaries at low concen- 
trations is not associated with the fibrillar shape of the DNA molecule. 

Curves showing the distribution of sedimentation constants at 
infinite dilution have been obtained by extrapolation using the method 
of Oru and Desrevx (1954). Fig. 3 shows the results obtained for five 
different preparations of DNA from calf thymus. The curves in the 
figure are the integral distribution curves, the weight fraction of DNA 
with any specific sedimentation constant being equal to the slope of 
the curve at that point. It is clear from these curves that DNA 
exhibits a marked sedimentation heterogeneity and also that significant 
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THE HETEROGE SITY OF DNA 


differences exist between different preparations. The observed hetero- 
geneity appears to rule out the possibility that the DNA particles 
exist in solution as rigid rods of uniform diameter since PEACOCKE and 
SCHACHMAN (1954) have shown that for such a system, variations in 
the length of the particles have very little effect on the sedimentation 
constant. The particles must therefore exist in some bent or coiled 
form or as parallel aggregates of rigid rods of differing diameter. The 
evidence from light scattering studies appears to favour the former. 
The possibility that aggregation of some form may contribute to the 
observed heterogeneity or may be responsible for the variations 
observed between different preparations cannot be overlooked. Experi- 
ments have shown that the addition of chelating agents to solutions 
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Fig. 3. Sedimentation constant 


thymus DNA in 0-2 M NaCl 


of DNA do not affect the sedimentation coefficient distribution curves 
(SHOOTER ef al., 1956a). This suggests that aggregation due to the pre- 
sence of polyvalent metal ions does not occur. Further support for 
this conclusion was obtained by BuTLER ef al. (1954) from measurements 
of the viscosity of DNA solutions in the presence of many different 
cations. These authors showed that the observed reduction in viscosity 
on the addition of a variety of salts could be attributed solely to the 
change of the ionic strength of the solutions. The possibility that 
aggregation might occur through hydrogen bonding has been investi- 
gated by adding to solutions of DNA large concentrations of urea. 
The results obtained indicate either that urea has no effect (Doty and 
Rick, 1955; ALEXANDER and Stacey, 1955a) or that it separates the 
twin strands of the helix (see later) (ALEXANDER and STACEY, 1955a,b, 
1957; Conway, 1956; Pary, 1956); in neither case has any evidence 
of the breakdown of aggregates of the twin strand complex been 
observed. These experiments therefore suggest that aggregation of 
particles through hydrogen bonding does not occur. 

It is known that preparations of DNA in general contain small 
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amounts of residual protein (< 1 per cent) (Kay et al., 1952). It was 
found (SHOOTER, 1957; BuTLER ef al., in press) that when chymo- 
trypsin was added to a solution of a DNA containing 0-7 per cent of 
residual protein, a marked change in the sedimentation coefficient 
distribution curve occurred (Fig. 4). This change was attributed to 
the breakdown of particles cross-linked by protein. In the example 
illustrated the proportion of aggregated DNA was found to be 26 per 
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Fig. 4. Sedimentation coefficient distribution curves showing the effect of 
adding chymotrypsin to a sample of calf thymus DNA containing 0-8 per cent 
residual protein. Upper figure, integral curves. Lower figure, normal distribu 
tion curves; the area of the shaded portion is equal to the fraction of DNA 


originally present as protein linked aggregates, 


cent. Further experiments have shown that the amount of the DNA 
aggregated decreased as the amount of residual protein decreased. By 
increasing the number of stages in which the DNA was treated with 
detergent, it was found possible to reduce the amount of residual 


protein to less than 0-1 per cent and with these preparations no evidence 


of aggregation was observed. The elimination of these protein linked 
aggregates considerably reduced the variations observed between 
different preparations of DNA from the same source. Even after 
treatment with chymotrypsin, however, the preparations showed a 
marked sedimentation heterogeneity. Analysis of the residual protein 
has shown that it is not a histone nor is it derived from connective 
tissue (BUTLER ef al., in press). Whether or not it is a component of the 
nucleoprotein complex is not yet known. Experiments have shown 
that the distribution of sedimentation coefficients of the DNA in the 
nucleoprotein complex is similar to that observed for the DNA pre- 
pared from it using the detergent method (SHooreR and Bur er, 
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1956b, 1957). This suggests that any aggregates present in DNA 
preparations also occur in the nucleoprotein. Preparations of DNA 
using the chloroform deproteinization method on the other hand, were 
found to give a DNA with a markedly different distribution from that 
observed in the parent nucleoprotein (Fig. 5) suggesting that this 
method removes protein more efficiently than the detergent method. 
Since, however, these preparations have been shown to contain 
aggregates cross-linked by residual protein (BUTLER et al., in press) it 
would appear that this method of preparation fractionates the DNA 
much of the material of high sedimentation coefficients being lost in 
the denatured protein precipitate. It seems likely that the presence 
of varying amounts of these high molecular weight aggregates in 
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Fig. 5. Sedimentation coefficient distribution 
nucleoprotein A in 2:5 M NaCl. 
DNA prepared from A by detergent metho 
DNA prepared from A by Sevag method 


different preparations may be responsible for some of the variations 
of molecular weight observed in light scattering experiments. It is 
of particular interest to note that the high molecular weights of some 
of the samples of DNA reported by SapRon (1955) do not appear to 
be due to the presence of protein linked aggregates since it was found 
that the distribution of sedimentation coefficients of one of these 
preparations, CV5, was not affected by the addition of chymotrypsin. 

The results of the sedimentation, light scattering and electron 
microscopy experiments suggest that DNA exists in solution as a 
heterogeneous system of bent or coiled molecules. The next problem 
is to determine whether the observed heterogeneity is due to variations 
in the size or the shape of the molecules. Electron microscope photo- 
graphs clearly indicate that variations in the size of the particles occur. 
If the heterogeneity were to any great extent due to variations in the 
shape of the particles (e.g. the smaller particles approximating to rigid 
rods and the larger to flexible coils), altering the shape of the particles 
by changing the solvent or degrading the molecules should affect the 
shape of the sedimentation heterogeneity distribution and change the 
relationship between S or [7] and MW. Sedimentation experiments using 
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a series of solutions of DNA degraded to different extents by the action 
of deoxyribonuclease have shown that the degradation is associated 
with a progressive movement of the distribution curve to lower values 
of sedimentation coefficients but the shape of the distribution curve is 
not affected (SHooTER, unpublished) (Fig. 6). GrtpuscHEK (1956) has 
shown that in alcohol solutions DNA has a much higher sedimentation 
rate than in salt solution, suggesting that the configuration of the par- 
ticles is much more compact. SHOOTER (unpublished) has found that 
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Fig. 6 (a). Sedimentation coefficient distribution curves of calf thymus DNA 
at different times after the addition of deoxyribonuclease. Full line 0 hr, 

2 hr, @ 5 hr, 23 hr, 96 hr. (b) Comparison of the shapes of the distribu- 
tion curves. Full line as in (a). The abscissae of the other curves have been 


multiplied by (S. average)o pr/(S, average); »- SY™mbols as in (a). 


this change in the shape of the molecules does not affect the shape of 
the distribution curve. Dory (1957) has recently reported that for 
a series of degraded samples of DNA, in the molecular weight range 
4 x 108 to 3 x 10°, SyxJ1°%* and [y]aJ/'!. This evidence therefore 
strongly suggests that the observed heterogeneity is due to variations 
in the molecular weight of the particles but this cannot be regarded as 
completely proved in view of the results reported by SapRon (1955) 
which were discussed above. 

Although the relationship between S and W has been obtained it is 
not possible to transpose the distribution of g (weight fraction of DNA) 
against S to distributions of g against .V, since it can be shown that the 
average value of M calculated from the distribution g = f(s) and 
g’ = f(s*) = f(M) will only be the same if « is unity. It would appear 
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that the proportionality constant k in the equation S = kM 6, is 
dependent on the degree of polydispersity (Dory, 1957). 


V. THe FLexipmity or THE DNA MoLeEcuLe 

The results of the physical measurements described in the previous 
sections suggest that DNA molecules in solution are coiled but the 
degree of flexibility of the particles cannot be unambiguously deter- 
mined until a more precise measure of the heterogeneity is available. 
The stiffness of DNA in comparison with other polymer molecules 
can be exemplified by calculating from the light scattering data the 
ratio of the mass of the molecule to the volume it occupies assuming 
that it is a statistical coil. In effect this is equivalent to calculating 
the concentration of polymer at which free rotation of the molecules 
becomes possible. For methacrylic acid this concentration is 0-3 per 
cent, for cellulose derivatives about 0-07 per cent and for DNA about 
0-003 per cent. These figures clearly indicate that the DNA molecules 
have a high modulus of elasticity as might be expected from their 
twin strand structure. 

Attempts have been made to assess the flexibility of the DNA 
molecule from measurements of the dimensions of the particle in water 
and in salt solutions. By analogy with the behaviour of other poly- 
electrolytes, it might be expected that the reduction in the electro- 
static repulsion between the phosphate groups of DNA on the addition 
of salt to a solution in water would lead to a general contraction of the 
molecule. ROWEN et al. (1953) and GerpuscHEK (1951) found that 
the radius of gyration of the particles measured by light scattering 
was about 50 per cent less in salt solution than in water. Similar 
measurements have been made by ALEXANDER and STAceEy (1955b) 
but these authors report that it was not possible to make measurements 
at sufficiently low concentrations in water for the dimensions of the 
particle to be established with any degree of certainty. They did, 
however, observe a small decrease in the radius of gyration on increasing 
the salt concentration from 0-2 M to 0-9 M, indicative of a limited 
degree of flexibility. The addition of salt to moderately concentrated 
solutions of DNA in water has been found to reduce the viscosity 
considerably and to a large extent to eliminate the non-Newtonian 
viscosity. This effect was at first attributed (JORDAN, 1951) to a 
reduction in the asymmetry of the molecules on the addition of salt. 
Experiments at low concentrations (down to 0-001 per cent) and at 
low rates of shear have however shown that the intrinsic viscosity is 


approximately the same in water and salt solutions (PoUYET, 1952; 

Conway and But ter, 1954). These results indicate that the molecules 

possess a high degree of rigidity. Conway and BuTLer (1954) have 

suggested that the high viscosity of DNA in water is predominantly 
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due to electrostatic interaction between the molecules. Denaturation 
of the DNA in the absence of salt (see section on denaturation) may 
however result in a change in shape of the molecule which might 
obscure changes due to a salt effect.* 

Measurements of flow birefringence by Horn et al. (1952) showed 
that the behaviour of DNA is analogous to that of a rigid rod molecule 
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such as tobacco mosaic virus (Fig. 7). CERF (1954) has reconsidered 
the results of this work and has concluded that the DNA molecule can 
be deformed to some extent. Matureson and Porter (1954) have 
evaluated the results of their measurements of viscosity and streaming 
birefringence in terms of the theory of PETERLIN and SIGNER (1953), 

* EISENBERG (in press) has studied the variation of the reduced specific viscosity 
with rate of shear, DNA concentration, and salt concentration. His results confirm that 
the shape of the molecule is not affected by changing the concentration of salt from 
10-*-10-! M. Comparison of the curves showing the effect of rate of shear with those 
predicted for model systems suggests that the DNA molecules behave as coils with high 


internal viscosity rather than as rigid ellipsoids. 





DENATURATION 


PETERLIN (1954) and have concluded that the DNA is intermediate 
between a rigid rod and a statistical coil. 

In contrast to the results of the experiments described above, 
studies of the variations of the radius of gyration of DNA molecules 
with pH have shown that a reversible contraction of 30-50 per cent 
may occur in the pH range 7-0—2-6 (ALEXANDER and StTacey, 1955b 
REICHMANN et al., 1953). It is doubtful though whether this degree of 
flexibility can be attributed to the intact DNA molecule. The ioniza- 
tion of the bases at low pH results in the rupture of the hydrogen bonds 
holding the twin strands together thereby introducing points of con- 
siderable flexibility within the molecule (see section on denaturation). 

The work of GEIDUSCHEK (1956) on the sedimentation characteristics 
of DNA dissolved in alcohol also shows that the molecules can be 


deformed to some extent. 

VI. DENATURATION 
THOMAS (1953) has shown that the extinction coefficient of DNA at 
the absorption maximum at 260 my is some 40 per cent less than that 
calculated from the extinction coefficients of individual nucleotides. 
He has also found that mild treatments, e.g. heating, increasing or 
decreasing the pH, and decreasing the concentration of Na* ions 
(THomaAs, 1951, 1953, 1954), result in irreversible increases in the 
absorption of DNA solutions at 260 my. Since these changes are in 
general not associated with any change in the molecular weight, 
THOMAS suggested that they should be denoted as “‘denaturation’”’ 
reactions. 

Several hypotheses have been put forward to explain the low 
absorption of solutions of DNA in the region near 260 mu. THOMAS 
(1953) attributed the effect to dipole interaction between the bases 
lying parallel to and on top of each other. Latanp ef al. (1954) 
suggested that the effect was due to the overlap of z orbitals of adjacent 
bases. Recently LAWLEY (1956c) has investigated in detail the absorp- 
tion spectrum of normal DNA and of the denatured product obtained 
(a) by heating solutions in the presence of salt and (5) by the addition 
of 10-2 N HCl. The results showed that the shape of the absorption 
curve was not affected by heat denaturation but that the extinction 
coefficient increased by the same proportion (e.g. 25 per cent after 
treatment at 96°) at all wavelengths in the range 230-300 muy (Fig. 8). 
The shape of the absorption spectrum on acid-denaturation changed 


in the way that was expected to accompany the addition of protons 
to the basic groups of the purines and pyrimidines, but in addition to 
increase in the extinction coefficients at 


this there was an overall 
wavelengths 230-280 mu of about 25 per cent (Fig. 8). It is thus 
possible to divide the changes in absorption into two parts; those due 
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to chemical changes of the molecule (i.e. titration of the bases) and those 
which must be due to some irreversible change in the structure of the 


molecule which is not associated with any chemicai change. On the 
basis of these results LAWLEY has suggested that the low absorption 
of DNA is due to a geometrical effect, the ordered packing of the 
pairs of bases within the molecule reducing the total effective absorb- 


ing area of the chromophoric groups. If it is assumed that absorption 
occurs preferentially when the electric vector lies parallel to the planes 
of the bases then, as ComMONER (1949) has shown, for a fully ordered 

















Fig. 8 (a). Ultraviolet absorption spectra of calf thvymi (1) in 


0-01 N Na+ phosphate pH 7-2, 20°C; (2) in water 20°C; (3) as (1) heated to 

96°C cooled to 20°C; (4) in 10-2 N HCl. (6) Ratio of extinction coefficients of 

denatured and undenatured DNA: (1) heat denatured DNA, as (a 3); (2) 
DNA at pH2, as (a 4); (3) calculated for addition of acid to pH 2. 


structures of this type a decrease in absorption of 50 per cent is to be 
expected. The somewhat lower reduction (40 per cent) in the case of 
DNA may be due either to the presence of some disordered structure 
or to the fact that the bases are not stacked exactly on top of one 
another but form a spiral within the helix. It should be noted however 
that it has not yet been proved that absorption in purines and pyrimi- 
dines occurs preferentially when the electric vector lies in the planes 
of these molecules. On the basis of the above hypothesis LAWLEY 
has suggested that the process of denaturation involves (a) the breaking 
ot the hydrogen bonds between the pairs of bases and separation of 
sections of the two polynucleotides chains and (b) a rearrangement of 
the more flexible single chains to configurations in which the purine 
and pyrimidine rings are no longer superposed with a consequent increase 
in the absorption. 
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Considerable support for this proposed mechanism of denaturation 
is provided by the work of THomas and Dory (1956) on the degradation 
of DNA at pH 2-6. Three reactions were found to occur simultaneously 
(a) cleavage of phosphodiester bonds resulting in degradation, (b) 
cleavage of glycosidic nitrogen bonds to liberate purines, and (c) the 
cleavage of the hydrogen bonds. At the beginning of the reaction the 
kinetics followed the course expected for the scission of a twin chain 
molecule held together at a few points separated by regions, corres- 
ponding in length to about 1000 nucleotides, in which the chains were 
separated. After the molecular weight had fallen to about one half of 
the initial value the kinetics of the reaction corresponded to the scission 
of single polymer chains. At this stage of the reaction measurements 
of viscosity and molecular weight showed that [7]«4M? indicating that 
the single polynucleotide chains behave as impermeable, flexible coils 
in contrast to the extended, free draining character of normal DNA 
molecules at pH 7-0. The results suggested that at pH 2-6, the majority 
of the hydrogen bonds were broken very quickly. Whether the remain- 
ing junction points were residual hydrogen bonds or regions of chain 
entanglement could not be decided. Further evidence of the flexibility 
of the single polynucleotide strands has been provided by the bire- 
fringence studies of Horn et al. (1952). At pH 3-8 the behaviour of 
DNA was found to be analogous to that of a flexible chain polymer such 
as polystyrene in contrast to the high degree of rigidity observed in 
solutions at pH 7 (Fig. 7). It has already been mentioned that electro- 
metric titration data suggest that at high and low pH the hydrogen 
bonds holding together the twin strand structure together are broken 
and that a more random structure is formed on reneutralization. 
GULLAND et al. (1947) and more recently Cox and PEACOCKE (1956) 
have shown that the electrometric titration curves from pH 2-12 and 
from pH 12-2 are identical, i.e. the pairs of bases can be separated 
either by the addition of protons at low pH or the removal of protons 
at high pH. The latter authors (Cox and PErAcocKE, 1957) have 
investigated the effects of cycles of titration from pH 7 to lower and 
lower pH and have obtained evidence ot a progressive breakdown of the 
ordered structure. 

Heat denaturation has been studied in many laboratories. The 
stability of DNA preparations exhibit some variation, but in general 
it has been found that up to 70—-80° they are not affected by heat 
(ZAMENHOF et al., 1953; Avery et al., 1944; Dory and Rick, 1955; 
Cox and PEAcocKE, 1957; ZAMENHOF ef al., 1954). At higher 


temperatures the viscosity of the solutions falls markedly and consider- 
able reduction in the radius of gyration of the particles has been 
observed. The energy of activation is extremely high (Dory and Rice, 
1955; LAWLEY, 1956) suggesting that the denaturation process 
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requires the cumulative rupture of a series of hydrogen bonds. Measure- 
ments of the absorption of solutions that had been heated and then 
cooled showed increases in Ey, of 20-24 per cent (THomas, 1953; 
THoMAS, 1951, 1954; LALANp ef al., 1954; DekkKER and SCHACHMAN, 
1954). More direct evidence of the rupture of hydrogen bonds on heat- 
ing has been obtained by Cox and PEAcocKE (1956) from electrometric 
titration studies. They found that the difference between the forward 
and back titration curves to acid pH decreased as the temperature at 
which the solution had been heated increased. From these curves the 
fraction of hydrogen bonds broken as a result of heating was calculated 
and it was found to be linearly related to the observed increase in Eggo. 
Similar experiments with DNA which had been denatured and degraded 
by y-irradiation (Cox and Peacocke, 1956) also indicated a linear 
relation between the increase of #,,., and the fraction of hydrogen 
bonds which were broken. 

Very little is known as yet about the changes in the molecule that 
are associated with the denaturation which occurs in solutions of the 
low salt concentration. SHOOTER and BUTLER (1956a) reported that the 
distribution of sedimentation coefficients observed in 0-2 M NaCl was 
the same irrespective of whether the DNA had first been dissolved 
(at 0-01 per cent) in water or in 0-01 M NaCl. The sedimentation 
coefficient is, however, probably an insensitive measure of changes in 
shape of highly asymmetric particles. It may be noted that PouyET 
et al. (1950) and Duaussy (1954, 1955) have observed changes in Egg, 
of DNA solutions in water when the concentration is reduced below 
0-003 per cent. Duaussy (1954, 1955) has reported that a change in 
dielectric constant also occurred at this concentration and SHOOTER 
and BuTrLerR (1956a) found that the average sedimentation coefficient 
of DNA in water increased rapidly below 0-003 per cent. These effects 
were attributed to the breakdown of ordered structures but it seems 
likely that denaturation effects may account for some of the changes 


. 


observed. At high concentrations of DNA the Na* associated with it 


may prevent denaturation. Although no evidence of the breaking of 


hydrogen bonds under these conditions has been reported it seems 


probable that this does occur. LAWLEY (1956) has suggested that at 
low salt concentration Na* is dissociated from the phosphate groups 
and that hydrogen bonds are more easily broken as a result of the 
increased electrostatic separation between the twin chains. Other 
experiments have shown that reduction of the salt concentration 
increases the sensitivity of DNA to denaturation. JORDAN et al. (1956) 
and Cox and PracocKE (1956b), for example, have found that the 
electrometric titration curves (acid) are moved to higher values of 
pH as the ionic strength of the solution is decreased. Spectrophoto- 
metric titration curves exhibit similar effects (LAWLEY, 1956c). Reducing 
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the salt concentration reduces the temperature at which a decrease in 
viscosity (ZAMENHOF ef al., 1954) and an increase in E,., are observed 
(LAWLEY, 1956c). 

It is of great interest to determine to what extent the separation of 
the twin chains of the DNA molecule is reversible. The viscosity 
experiments of Horn et al. (1952) indicated that irreversible changes 
in the shape of the molecule occurred at pH 3-8. The birefringence 
experiments of MaTureson and Marry (1957) suggested that 
reversible changes in shape occurred between pH 7 and pH 4:5 but that 
at lower pH the effects were irreversible. ALEXANDER and STACEY 
(1955b, 1957) on the other hand found that the reduction in the radius 
of gyration of the particles observed between pH 7-0 and 3-8 was to a 
large extent reversible. The latter authors found that after reducing 
the pH to 2-6 the radius of gyration on reneutralization only returned 
to about half its original value. RetcHmMann, BuncE, and Dory (1953) 
performed similar experiments and observed an almost completely 
reversible change in shape of the particles after treatment at pH 2-6. In 
these latter experiments however the changes of pH were obtained by 
dialysis at 4°. Cox and PEacocKkE (1957) have recently found that 
when a solution of DNA was acidified to pH 2-6 and reneutralized at 
4°, on subsequent titration at room temperature the forward titration 
curve differed from the back titration curve. These results and those of 
REICHMANN ef al. (1953) suggest that at low temperatures the rotation 
of the free single polynucleotide chains is hindered sufficiently for the 
hydrogen bonding to be broken to some extent reversibly. 

Spectrophotometric titration curves show that on lowering the pH 
the increase in £,,., occurs over a quite narrow range of pH and does not 
appear to be correlated with the electrometric titration curves (BEAVEN 
et al., 1955). In a recent paper LAWLEY (1956c) has investigated the 
effects on the absorption spectrum of DNA of lowering and then 
increasing the pH. As mentioned above, the increase in Ly. appears 
to be mainly due to changes in the structure of the molecule whereas 
the increase of L,.9 is associated with both changes in structure and 
changes due to the addition of protons to the bases (mainly cytosine 
with a small contribution from adenine). The ratio /y.5/Ha¢9 is therefore 
a measure of the extent to which the bases are titrated. Some of the 
results obtained are shown in Fig. 9a and 6. After titration from pH 7 
to pH 4 or 3 only a small decrease of Hy) is observed on back titration. 
In contrast to this the ratio Ey.9/Hog) returns to its initial value after 
titration to pH 3 as is to be expected if this measures only the changes 
due to the addition or removal of protons from the bases. Comparison 
of the two figures shows that, on lowering the pH, Hy.9/Hog9 increases 
before any change in L.) is observed. This suggests that a considerable 


proportion of the bases can be titrated before any irreversible changes 
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in structure occur. After titration to a pH at which an increase in 
Eg9 is observed, on back titration the curve Ey4g9/Hyg9 is displaced 
towards higher pH in a manner analogous to that observed in electro- 
metric titrations. The results suggest that denaturation is reversible 
provided that the hydrogen bonding is not broken and the two poly- 


nucleotide chains are not separated over too great a length. 
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Fig. 9. Changes in absorption of a solution of calf thymus DNA on forward 
and back titration with acid. The arrow on the curve indicates the direction 


of the titration. 


VII. THe Errect or UREA 


A further type of denaturation that has been studied is that produced 
by the addition of urea to DNA solutions. The investigations can be 
divided into two groups those involving conditions under which, in the 
absence of urea (a) the DNA is known to be stable and (b) a partial 
denaturation of the DNA might be expected. The latter class includes 
the experiments in which urea is added to DNA solutions in water. 
Conway and BuTLer (1952) have shown for example that the viscosity 
of solutions of calf thymus DNA in water was reduced by the addition 
of urea, the extent of the reduction increasing with increasing urea 
concentration. A further reduction in viscosity was observed when the 
urea was removed by dialysis. Conway (1956) has recently reported that 
at zero rates of shear the intrinsic viscosity in the presence of 6 M urea 
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is about three times as high as that observed in water alone (Fig. 10). 
This increase was attributed to the separation of the twin chains of the 
molecules to give twice the number of hydrodynamic units of approxi- 
mately the same degree of asymmetry as the original molecules. The 
greater flexibility of the denatured product was demonstrated by the 
fact that the addition of salt reduced the intrinsic viscosity considerably 
(Fig. 10). These results have been corroborated by Party (1956). 
Doty and Rice (1955) have found that the addition of 4 M urea to a 
solution of DNA in the presence of NaCl reduced the temperature at 
which the marked fall in viscosity occurred by 17°C. Since a partial 
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separation of the twin chains is to be expected below the initial tempera- 
ture these experiments and those of Conway and BuTLeER suggest that 
the addition of urea to partially denatured DNA greatly facilitates 
further denaturation. 

ALEXANDER and Stacey (1955b, 1957) have reported that when 4 M 
urea was added to a solution of herring sperm DNA in the presence of 
NaCl at room temperature, the molecular weight fell from 5-9 x 108 
to 2:7 x 10°. They suggested that this indicated the complete separa- 
tion of the twin strands of the helix. Electron microscope photographs 
clearly showed that treatment with urea altered the shape of the 


molecules profoundly. Similar experiments with calf thymus DNA 


(ALEXANDER and STAcEy, 1955a) on the other hand showed that the 
addition of urea did not affect the molecular weight. After pretreatment 
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of the DNA with ethylenediaminetetracetic acid however, urea reduced 
the molecular weight from 6 x 10° to 3 x 108. Dory and Rice (1955) 
reported that the viscosity of solutions of calf thymus DNA in salt 
were not affected by the addition of either 4 M or 8 M urea. The results 
of these experiments in which urea was added to a solution of DNA 
in which no partial denaturation should have occurred are somewhat 
conflicting. It would appear from the results with herring sperm DNA 
that urea can denature DNA without the necessity for preliminary 
partial denaturation by other means. In the case of calf thymus DNA 
it seems that other factors not yet known, may affect the stability of 


the structure. 


VIII. DEGRADATION 
The degradation of DNA by acid treatment has already been discussed. 
It was shown that in this system the twin strands of the helix were to a 
large degree separated before degradation had proceeded very far. 
When however DNA is degraded by the action of deoxyribonuclease 
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Fig. 11. Curves showing the variation with time of sedimentation coefficient, 
reduced specific viscosity and optical density at 260 my of a solution of DNA 
after the addition of deoxyribonuclease. 


(LALAND et al., 1954; GoLpsTErN and Srern, 1950; DEKKER and 
ScHACHMAN, 1954; Kunitz, 1950), by ultrasonics (LALAND ef al., 
1954; GOLDSTEIN and STERN, 1950) or X-ray irradiation (Cox et al., 
1955) it has been found that very considerable decreases in the viscosity 
of the solution occur before any increase in the absorption at 260 mu 
is observed. This suggests that in these systems the twin strand 
structure remains intact until a considerable reduction in the molecular 
weight has occurred. ZAMENHOF ef al. (1954) and DEKKER and 
ScHACHMAN (1954) have measured the viscosity of a solution of 
DNA in the presence of a very low concentration of deoxyribonu- 
clease and have shown that the rate of degradation is approxi- 
mately zero to begin with and accelerates as the reaction proceeds 
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(Fig. 11). This is to be expected on the basis of the twin strand structure 
since the probability of a break occurring in one chain close to a break 
already present in the second chain will initially be low but will increase 
progressively as the reaction proceeds. THOMAS (1956) has investigated 
the enzyme degradation in detail, making simultaneous measurements 
of molecular weight and viscosity. At the same time the extent of the 
reaction was determined by a titration method. The results obtained 
parallel those of ScHACHMAN and ZAMENHOF. Analysis of the light 
scattering data at different stages of the reaction showed that the 
ratio of the radius of gyration of the particles to their molecular weight 
decreased by about 40 per cent during the reaction, in contrast to the 
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Fig. 12. The rate of degradation of DNA by deoxyribonuclease. Full lines 


theoretical curves. ) experimental results. The abscissae are a measure of 


the extent of the reaction in terms of the number of phosphodiester bonds 
broken by the enzyme. The ordinate is the ratio of the molecular weights of the 
degraded and undegraded DNA. 


decrease of 50 per cent which is immediately observed when a solution 
is acidified to pH 2-6. These results, indicating that the flexibility of 
the particles is little affected, suggest that in the initial stages of the 
enzymic degradation the twin chains are not separated. Similar 
experiments by REICHMANN (1956) have corroborated these results. 
THomaAS has calculated the relationship between the fall in molecular 
weight and the extent of the enzymatic reaction for the degradation 
by random bond breaking of single and double chain structures. 
Comparison of the curve marked “‘single chain” with the experimental 
points in Fig. 12 clearly shows that the results do not correspond to 
the degradation of a single polymer chain. In the double chain struc- 
ture, the strength of the hydrogen bonds between the two chains will 
determine how close together breaks on opposite chains have to be to 
produce degradation. In Fig. 12 the curves calculated for separations 
of (h = ) 0, 1, 2, and 3 pairs of nucleotides are given. The experimental 
points approximate to the curve for h = 2 suggesting that degradation 
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occurs when bonds are broken on opposite chains not more than two 
nucleotides apart. 

A problem of considerable importance in relation to the structure of 
the DNA molecule was raised by some experiments reported by DEKKER 
and SCHACHMAN (1954). These authors observed that when a solution 
of DNA in water was heated at 100°C, in addition to the denaturation 
discussed above, a considerable decrease in molecular weight occurred. 
This latter effect was attributed to the presence of broken bonds in the 
single polynucleotide chains. Similar experiments in other laboratories 
have confirmed that DNA is degraded when heated in water but it 
has been found that the presence of salt in the solution reduces the 
sensitivity to heat. SADRON (1955), for example, found that after 
heating a 0-02 per cent solution of DNA for 15 min at 100°C the 
molecular weight, as determined by light scattering, was reduced by a 
factor of 20 for solutions in water, and by 2-3 for solutions in 0-2 M 
NaCl. In the presence of M NaCl no change in molecular weight was 
observed. The effects of heating 0-01 per cent solutions of DNA in 
0-2 M NaCl have also been investigated by SHOOTER et al. (1956) who 
observed decreases in molecular weight by a factor of 4-8. ALEXANDER 
and Sracey (1955a) and Dory and Rick (1955) on the other hand 
observed no change in molecular weight on heating solutions in 0-2 M 
NaCl. It would appear that the differences in these results are to be 
attributed to the effects of heating DNA solutions at different con- 
centrations. SHOOTER ef al. (1956) for instance observed that on heating 
at 0-01 per cent the average sedimentation was unaffected but heating 
at 0-05 per cent followed by dilution to 0-01 per cent resulted in an 
increase in the sedimentation coefficient suggesting a smaller reduction 
in molecular weight. These latter authors also demonstrated that the 


production of artificial breaks in the molecule by X-irradiation increased 


the sensitivity to heat. Breaks produced in the single polynucleotide 
chains by deoxyribonuclease also increase the sensitivity to heat 
(ZAMENHOF ef al., 1954a). If solutions in water are heated for longer 
times a progressive degradation is observed suggesting that phosphodi- 
ester bonds are hydrolysed. If solutions in 0-2 M NaCl are heated for 
long periods further reduction in the sedimentation coefficient is also 
observed but the rate of degradation is slow compared with the initial 
fall in molecular weight. Whether the initial rapid fall in molecular 
weight indicates the existence of breaks in the single chains cannot be 
determined with certainty. SHOOTER and BuTLER (1956b, 1957) have 
recently shown that DNA preparations are probably subject to some 
degradation by deoxyribonuclease during the isolation of the nucleo- 
protein from the tissue. Any breaks that are found in the chains are 
therefore probably artefacts produced during the preparation of the 
DNA. Attempts have been made to detect the presence of breaks from 
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electrometric titration data (Cox and PEAcocKE, 1956b) and from a 
study of the kinetics of enzyme (THomas, 1956) and acid degradation 
(THomas and Dory, 1956). The results suggest that there are few if 
any of these breaks. 

The degradation of DNA by X-rays has been intensively investigated. 
Work in this field up to 1954 has been reviewed by Davison, Conway, 
and BuTLer (1954). The irradiation of solutions of DNA results in an 
initial fall in viscosity followed by a progressive decrease in viscosity 
which may continue for many hours (Davison e¢ al., 1954). It has been 
suggested that this ‘‘after effect’’ of the irradiation is due partly to the 
H,O, formed and partly to the slow decomposition of peroxides or 
hydroperoxides which result from the interaction of radicals with the 
DNA molecule (BUTLER and Conway, 1950; Conway, 1954; Conway 
and BuTLER, 1953; ScHOLES and WeErtss, 1950, 1952). ScHOLES, WEIss, 
and WHEELER (1956) have estimated the amount of peroxide formed 
as a result of the irradiation of solutions of calf thymus DNA and of 
yeast RNA in the presence of oxygen by two methods (a) the formation 
of a coloured complex with titanium sulphate reagent, and (b) the 
oxidation of KI and the estimation of the amount of iodine liberated. 
It was found that the amount of peroxide estimated by method (b) 
was always greater than that estimated by method (a). They attributed 
the difference observed to the presence of hydroperoxides since it is 
known that these compounds do not form coloured complexes with the 
titanium sulphate reagent but do liberate iodine from KI. It was 
further proved that the concentration of the hydroperoxide decreased 
progressively after the irradiation; the kinetics of this reaction indi- 
cated the presence of two of these derivatives of different stability. 
Further work showed that hydroperoxide formation occurred mainly 
with the pyrimidines rather than the purines. Earlier work had 
demonstrated that the pyrimidines are more susceptible to attack by 
radicals than the purines (SCHOLES and Wertss, 1950, 1952). 

Further work on the degradation of DNA by ionizing radiations has 
been concerned with the changes in the structure of the molecule which 
are involved. ALEXANDER and Stacey (1956) have investigated the 
effects of irradiating herring sperm DNA samples containing 10-15 per 
cent of water with y rays and 1-2 MeV electrons at high dose rates. 
Measurements of the molecular weight of the irradiated samples using 
light scattering methods showed that the same amount of degradation 
was produced by equal doses of y rays and electrons (Fig. 13). The 
molecular weight falls for doses up to 10° r and begins to increase again 
after higher doses. These results are to some extent confirmed by those 
of SHOOTER e¢ al. (1956) who have investigated the effect otf irradiating 
samples of calf thymus DNA containing 20 per cent of water with 
1-2 MeV electrons. They found that doses of 10°-10%r caused only 
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small changes in viscosity as measured in a Frampton viscometer. 
At doses of 10°r the average sedimentation coefficient is not greatly 
affected but there is a marked increase in heterogeneity resulting from 
an increase of material with both higher and lower sedimentation 
coefficients (Fig. 14). These results suggest that irradiation under these 
conditions produces a combination of degradation and aggregation. 
At doses of 10° r aggregation predominates. Korntc and PERRINGS 
(1953) also found that X-irradiation of vacuum dried DNA produced a 
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Fig. 13. The decrease in the weight average molecular weight of DNA on 
irradiation. Upper curve, molecular weight measured in 0-2 M NaCl; lower 
curve, measured in 0:2 M NaCl 4M urea. 

and y rays (1200 r/min) 
| and 1-2 MeV electrons (9 x 105 r/min). 


small increase of the sedimentation constant (extrapolated to c = 0 
from measurements in range | per cent to 0-025 per cent) after a dose 
of 10° r though a decrease was observed atter a dose of 10’ r. Further 
evidence of aggregation was observed by Serron and Doyue (1954) 
who found that after irradiating dry DNA with high doses (5 x 10° rep) 
of electrons or deuterons it was soluble in water and formed gels in 
0-2 M NaCl. These authors also found that dry DNA irradiated with 
ultraviolet light (185-300 mu) formed gels on the addition of water. 
Since on irradiation with y-rays bonds are broken at random it is to 
be expected that some breaks will occur in the single polynucleotide 
chains opposite to intact portions of the second chain and will not 
therefore result in a degradation of the molecule as a whole. The 
existence of such breaks can be inferred from the observation that as 
the dose increases the sensitivity of the DNA to heat degradation also 
increases (SHOOTER ef al., 1956). A more direct demonstration of the 
existence of these breaks has been obtained by ALEXANDER and 
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Stacey (1956). They found that the addition of 4 M urea to solutions 
of the irradiated samples to break hydrogen bonds holding the frag- 
ments together, resulted in very marked decreases in molecular weight, 
e.g. for a dose of 1-8 x 10°r the molecular weight measured in salt 
solution decreased by only 20 per cent but on the addition of urea the 
molecular weight was reduced by a factor of about 4 (Fig. 13). They 
calculated from these latter results that the energy required to produce 
a single break was between 10 and 20eV. This represents a highly 
efficient reaction and they suggested that some of the energy absorbed 
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Fig. 14. Sedimentation coefficient distribution curves of DNA. 
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by the molecule may be transferred from the initial site of the absorp- 


tion along the molecule to more labile bonds before chemical reaction 
occurs. 

Further support for the general mechanism of the degradation by 
ionizing radiations has been provided by the work of Cox et al. (1955) 
on the effects of the y-irradiation of solutions of herring sperm DNA. 
These authors have shown by titration studies that the hydrogen 
bonding between the twin polynucleotide chains is broken to a greater 
extent the higher the radiation dose. Viscosity measurements on 
solutions of irradiated DNA in 0-1 M NaCl were made using Ubbelohode 
viscometers and were found to obey the equation »,,/¢ = [n] + k’[n}*e 
where c is the concentration and k’ 0-77. The latter figure can be 
compared with the theoretical values of 0-77 for extended chains and 
0-73 for rigid rods. Analysis of the variation of the intrinsic viscosity 
with radiation dose and DNA concentration following the theory of 
CHARLESBY but taking into account the twin strand structure of the 
molecule showed that the molecular weight and viscosity were related 
by the equation [7] = kM°*. This suggests that the structure of the 
molecule is intermediate between that of a rigid rod ([n] = kM*’) and 
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of a random coil ({/7] = kM°**), The observed dependence of [7] on M 
is in good agreement with that obtained by BuNcE and RICE (see Dory, 
1957) from viscosity measurements on a series of samples of DNA de- 
graded by ultrasonics, [7] = kM*". 

An interesting feature associated with the degradation of DNA by 
y-rays has been reported by Cox et al. (1955). Electrometric titration 
experiments with degraded samples have shown that the hydrogen 
bonds between the pairs of bases adenine and thymine appear to be 
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Fig. 15. Titration curves of herring sperm DNA. Upper figure (i) and (ii) 
forward and back titration curves of normal DNA. Other curves after heating 
for 1 hr at: 070°C, 0 75°C, x 78°8°C, @ 83:4°C, 87-5°C, small full circles 100°C 
and back titration curves of all heated samples. Lower figure, difference curves 
obtained by subtracting the ordinates of curve (ii) from the other curves. 


broken more quickly than those between guanine and cytosine. This 
is the opposite to the effect observed on acid denaturation where their 
results suggest that the bonds between cytosine and guanine are broken 
preferentially (Cox and Pracockkr, 1957). (The results of JoRDAN 
et al. (1956) on the other hand suggest that on acid denaturation the 
bonds between the two pairs of bases are broken at the same pH.) 
Similar titration experiments with DNA degraded by heating (Cox 
and PrEacockE, 1956a) or by ultrasonics (Cox and PEACOCKE, 1957) 
showed that under these conditions the bonds between the two pairs of 
bases were broken with equal facility. The results obtained by Cox et 
al. for the effects of heat and y-irradiation are illustrated in Figs. 15 and 
16. In Fig. 15 the difference between the forward and backward 
titration curves at any pH (e.g. P&) represents the increase in the 
number of groups titrating at this pH which are liberated by acid 
denaturation at pH 3. Partial denaturation by heating liberates some 
of the bases, as represented by PQ for curve A, which can add protons 
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on forward titration. The extra bases that can be liberated by further 
denaturation at pH 3 (QF) is thus reduced. Comparison of the curves 
showing the difference between forward and back titration as a function 
of pH shows that the bases liberated by heat denaturation titrate over 
the whole pH range from 3-1 to 7-0. In contrast to this the difference 
curves obtained from DNA denatured by y-irradiation (Fig. 16) show 
that bases titrating in the lower part of the pH range, i.e. adenine, are 
liberated first and that groups titrating nearer to pH 7, i.e. cytosine, 
are only liberated after more extensive irradiation. 
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IX. THe INTERACTION OF DNA anv Mera Cations 
CREETH and JORDAN (1949) have calculated the charge on the DNA 
molecule in the presence of various concentrations of NaCl from 
measurements of membrane potentials and have found that the 
charge is only } to 4 of that expected. This difference has been attri- 
buted to the binding of Na* ions to the phosphate groups of the DNA. 
Similar measurements by SHACK ef al. (1952) have confirmed these 
observations though it was found that the increase in the negative 
charge on the molecule with increasing concentration of NaCl was not 


as great as that reported by CreETH and JorpAN. Distribution 


measurements suggested that at higher concentrations of NaCl, Cl- ions 

were also bound to the molecule thus explaining the observed increase 

in negative charge. SHACK ef al. (1953) have obtained further confirma- 

tion of the binding of Na* from studies of the decrease in the absorption 
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at 260 my observed on the addition of NaCl to DNA solutions in water. 
Similar experiments with Mg*+, Ba**, and Ca?* showed that these ions 
are bound much more effectively by the phosphate groups than is 
Nat. The results suggested that a tight binding of 1-6 atoms of divalent 
cation per 4 phosphate groups. This latter result has been confirmed 
by measurements of the conductivity of DNA solutions containing 
different concentrations of M?+. Further experiments have suggested 
that the extent of the binding of Na* is about the same for normal and 
denatured DNA. 

JORDAN and his colleagues have approached this problem from 
another angle. From a series of electrometric titration curves at 
different ionic strengths and different concentrations of DNA (JORDAN 
et al., 1956) they have calculated the number of protons added to the 
molecule under different conditions. Assuming that between pH 3 and 
7 all the phosphate groups carry a single negative charge they have 
been able to calculate the net negative charge on the molecule. From 
electrophoresis experiments (MATHIESON and McLaren, 1956) under 
similar conditions the effective charge on the molecule (i.e. including 
any Na* or Cl- ions bound to the DNA) has been calculated. The values 
of the effective charge at different ionic strengths were comparable 
with those obtained by CREETH and JORDAN and by SHACK eft al. 
Comparison of the titration and mobility data indicated that Na* ions 
were bound to up to 90 per cent of the phosphate groups. It was 
further deduced that a considerable proportion of Cl- ions are bound 
to DNA at low pH. Cox and PEAcocKE (1956b) have analysed their 
results on the effect of ionic strength on the titration curves in terms 
of several models in an attempt to distinguish between (a) a binding 
of Na+ to DNA and (b) no binding of Na* but a greater shielding of the 
ionic atmosphere around the DNA particles. Their results are some- 
what inconclusive though the evidence favours the binding of the Na* 


ions. 


X. THE INTERACTION OF DNA AnD ORGANIC CATIONS 
Studies of the interaction of various cationic organic compounds with 
DNA have suggested that the sites of absorption available to these 
molecules are the same as those to which metal cations are bound 
(CAVALIERI ef al., 1950, 1951; Irvin and Irvin, 1954; Law ey, 
1956a,b). In agreement with the results on the relative strength of 
binding of monovalent and divalent cations discussed above it has 
been found that the latter are much more effective in displacing 
bound organic cations than the former (LAWLEY, 1956a,b). Work 
by CAVALIERI et al. (1950, 1951) on the interaction of DNA with 
rosaniline suggested that there are two sites of different affinity in 
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DNA to which the dye molecules can be bound. It was suggested that 
these sites were the monoesterified and the diesterified phosphate 
groups. The existence of such a large fraction of monoesterified phos- 
phate groups as is suggested by these experiments (;/;—a's5) would suggest 
either that the molecule is highly branched or that many breaks 
occur in the single strands as proposed by DEKKER and SCHACHMAN 
(1954). No other evidence in favour of a branched-chain molecule 
has been produced and as discussed above, in the majority of 
preparations, few if any breaks occur in the single polynucleotide 
chains. The proportion of monoesterified groups estimated in this 
way varies widely and the changes observed when the pH is lowered 
are contrary to those that would be anticipated (PEAcocKE, 1955). 
Recent work by Irwin and IRwin (1954) on the interaction of DNA 
with a 9-amino-acridine derivative and of LAwLey (1956b) on the 
interaction of DNA with 5-amino-acridine and with rosaniline has shown 
that the results can best be described in terms of the existence of one 
type of binding site only. PrAcocKE and SKERRETT (1956) have 
investigated the interaction with proflavine (2:8 diamino-acridine 
sulphate) and have deduced from the results that the sites on 
the DNA molecule available for absorption exhibit a wide range 
of affinities for these molecules. There is however evidence that 
aggregation of the proflavine occurs at the higher concentrations used 
and the apparent variations in the binding affinity can be best described 
in terms of a strong, specific binding of single proflavine molecules and 
a much weaker binding of the aggregates. 

Comparative studies on the strength of the binding of different 
organic cations to DNA have been made by MoRTHLAND et al. (1954) 
and by Law.ey (1956b). The former authors obtained evidence of a 
specifically strong binding of 2:8 diamino-acridine derivates which they 
attributed to the possibility of forming bonds to a pair of neighbouring 
phosphate groups with these particular molecules. LAWLEY (1956b) 
has found that 5-amino-acridine has a greater affinity for DNA than has 
rosaniline. Consideration of the structure of rosaniline suggests that 
bonding to only one phosphate group can occur. The extent to which 
rosaniline and 5-amino-acridine are bound to DNA was found to be 
considerably reduced if the DNA was denatured by heat treatment. 
KURNICK (1954a,b) has found that the affinity of DNA for the dye 
methyl green and its susceptibility to the attack of deoxyribonuclease 
are also considerably reduced by heat denaturation. It would appear, 
as LAWLEY suggests, that in the more random structure produced by 


denaturation the phosphate groups are to some extent blocked by the 
formation of intramolecular secondary bonds. It was however found 
that Na+ was less effective in displacing rosaniline or 5-amino acridine 
from denatured than from normal DNA. Lawtery has suggested that 
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this may be due to the binding of the dyes on the planar rings of the 


bases. 


XI. THe InrerRAcTION OF DNA wirH HIsTONES 
Much of the work on the association of histones and DNA in the 
nucleoprotein complex has been reviewed by Davison, Conway, and 
But LER (1954). It has been found that the degree of dissociation of 
the nucleoprotein complex increases with increasing salt concentration 
(CRAMPTON ef al., 1954; BuTLER et al., 1953). The base composition 
of the DNA extracted using different concentrations of salt does not 
differ (Lucy and Butter, 1954). CHaArGAFF and his colleagues 
(CHARGAFF and Davipson, 1955) have however shown that fractions 
of DNA of different base compositions can be obtained by extracting 
with increasing concentrations of salt a preparation of nucleoprotein 
which has been denatured by chloroform treatment. Brown and 
Watson (1953) have investigated the elution of a sample of DNA 
from a column of Kieselguhr coated with histone using salt solution of 


continuously increasing strength. They found that a fractionation of 
the DNA was only achieved when the histone used was first denatured 
by heat treatment. Lucy and BuTLer (1954, 1955) have shown that 
the fractionation of the DNA does not necessarily require variations 
in the salt concentration since DNA and histone fractions of differing 
composition can be obtained by repeated extraction of a chloroform 


denatured nucleoprotein with 0-6 M NaCl. The origin of these differ- 
ences in the binding between histone and DNA molecules of different 
base composition is still far from clear. Sedimentation analysis of a 
series of DNA fractions (Lucy, 1956) revealed that the distributions 
of sedimentation coefficients did not differ very greatly. There is there- 
fore no evidence that the fractionation is a purely physical one, e.g. 
small molecules being extracted preferentially. It seems likely that 
binding of histone to sites other than the phosphate groups (e.g. the 
free amino groups of guanine) may be involved as suggested by BRown 
and Watson (1953). 


XII. ELecrrometric Tirration EXPERIMENTS 
Much of the work on the titration of DNA has been referred to in 
previous sections of this review but a few points remain to be discussed. 
Several authors have suggested that the titration of the bases involves 
the addition of removal of protons from groups which are involved in 
the hydrogen bonding. In some instances this would involve a marked 
change in the resonance structure of the base. Mason (1954), for 
example, has concluded from spectrophotometric studies that the 
addition of a proton to N-heterocyclic derivative does not lead to 
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the formation of an NH,* group. It is clear that this problem requires 
further consideration. 

The work of JornDAN and his colleagues (1956), Cox and PEACcOcKE 
(1956a), CAVALIERI and STONE (1955) and LEE and PEACOCKE (1953), has 
shown that the apparent dissociation constants of the bases in denatured 
DNA increase as the ionic strength of the solution is reduced. It does 
however appear to be possible to assign apparent dissociation constants 
to the bases under specific conditions and from the known composition 
of the DNA, to calculate a theoretical titration curve which agrees 
well with that observed except in the pH range 6-8-5 (GULLAND et al., 
1947; JORDAN et al., 1956; Pracocks, 1954, 1955). The experimental 
curve indicates that groups are present which titrate in this range. 
Since the highest pKa of the bases, that of cytosine (pKa = 4-6), is 
far removed from this region it has been suggested that the difference 
between the theoretical and experimental curves could be attributed 
to the presence of a small proportion of mono-esterified phosphate 
groups with a pKa in the range 6-4—6-6 (GULLAND ef al., 1947; JORDAN 
et al., 1956; PEACOCKE, 1954, 1955). Recent experiments with apurinic 
acid have however shown that the pa of cytosine in this compound 
is 5-0 (HURLEN et al., in press). Using this new value Cox and PEACOCKE 
(1956b) have obtained good agreement between theoretical and observed 
titration curves of DNA without the necessity for postulating the 
presence of monoesterified phosphate groups. 

It may be noted that in the calculations discussed above it has been 
assumed that the pKa of the bases is not affected by variations in the 
charge on the DNA molecule which result from changes of pH. The 
validity of this assumption has been questioned (Doty and Riczg, 
1955). Work on other polyelectrolytes has shown that changes of 
electrostatic potential resulting from ionization greatly affect the 
dissociation constants of the ionizing groups. KaTcHALSKY ef al. 
(1954) have shown that for such systems, dissociation follows the 
equation 


ew 
tT 


x 
7H = K coe log - 04343 
, y= ‘pase gees 


where « is the degree of dissociation and the last term gives the 
correction due to changes in the electrostatic potential, y. MATHIESON 
and McLareEN (1956) have calculated y for DNA from electrophoretic 
mobility data and have shown that the term 0-4343 ey/k7'’ changes 
from 1-14 at pH 3-0 to 1-63 at pH 7. This result is corroborated by the 
observation of Cox and PEAcOcKE (1956b) that the pA of cytosine in 
apurinic acid was changed by less than 0-25 units in the pH range 
3:5-6:5. This small change in the electrostatic potential term with pH 


explains the absence of spreading of the titration curves and the 
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agreement observed between experimental curves and those calculated 
without considering this factor. The magnitude of this term accounts 
well for the change in the titration curves with variations of DNA 
concentration and ionic strength (MATHIESON and McLAREN, 1956). 
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9 
THE BIOSYNTHESIS OF PROTEIN 
Robert B. Loftfield 


[. INTRODUCTION 

DurtnG the last decade, there has been a rapidly increasing flood of 
experiment, fact, and theory bearing on protein biosynthesis. Although 
the greatest discoveries still lie before us, enough has been learned to 
make worthwhile a summary of our present position. This chapter is 
designed to guide the reader by a somewhat arbitrary route to a 
position where he can catalogue present knowledge and evaluate 
future developments. With this objective it seems appropriate to 
survey first the experiments and methods that provided basic bio- 
chemical information on protein synthesis and led to the now generally 
accepted association of ribonucleic acid (RNA) and protein synthesis. 
From this we shall progress to the cytological description of the micro- 
somes and to their biochemical functions. An attempt will be made 
to correlate the observations made in mammalian systems with others— 
particularly bacterial. Finally, although the reader may then have 
concluded that speculation is premature, there will be a discussion of 
some current theories of protein biosynthesis. Throughout the chapter 
we hope to maintain a clear distinction between experimental fact and 
inference, to keep before us the limitations of experimental technique, 
and to alert the reader for pitfalls as well as to inform him. 

The following abbreviations are used in this chapter: Ribonucleic 
acid, RNA; deoxyribonucleic acid, DNA; adenosine triphosphate, 
ATP; adenosine monophosphate, AMP; guanosine triphosphate, 
GTP; guanosine diphosphate, GDP; pyrophosphate, P-P; and R 


group for the residue R of the general amino acid 


R—CH—COOH 


NH, 


Guanosine 5’ phosphate, GMP; ribonuclease, RNAase; deoxyribonu- 
clease, DN Aase. 


I]. THe NATURE OF THE PROTEIN MOLECULE 
A protein molecule is generally regarded as a long chain of amino acids 
united by alpha-peptide bonds and subject to various kinds of secondary 
bonding. Recent work on the structure of such proteins as insulin, 
ribonuclease, and ACTH suggests that the structure is completely 
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specific—that is to say, a given position in the chain can be occupied 
by only one of the twenty naturally occurring L-amino acids. This is 
particularly clear when one observes that the established sequences 
for related proteins from different species (i.e. insulins) are identical 
except for a very few characteristic substitutions of one amino acid 
for another (ANFINSEN and REDFIELD, 1956). Such a broad statement 
must be qualified immediately by noting that the techniques used in 
structure determination would not detect occasional deviations from a 
predominantly unique structure. Furthermore, it has been found that 
certain non-natural amino acids such as ethionine, norleucine, and 
p-fluorophenylalanine can be incorporated into the proteins of tetra- 
hymena (Gross and Tarver, 1955), casein (BLACK and KLEIBER, 
1955), and ascites cells (RABINOVITZ et al., 1954). Particularly in the 
case of the ethionine incorporation, TARVER used every reasonable 
test to demonstrate that ethionine had actually been used in protein 
synthesis in place of methionine. Hence the perfection with which 
proteins are made cannot be considered absolute. 

On the other hand, a quantitative examination of these same 
studies reveals the great selectivity of the protein synthesizing 
mechanism. It would appear that ethionine at a concentration equal 
to methionine is incorporated only one-thirtieth as fast (GRoss and 
TARVER, 1955), and that fluorophenylalanine is incorporated only one- 
twentieth as fast as phenylalanine (RaBrNovirTz et al., 1954). Alpha- 
aminobutyric acid is incorporated less than one-hundredth as fast as 
alanine or valine (LOFTFIELD ef al., 1953). The obvious inference is 
that if ethionine is a poor substitute for methionine, less closely related 
amino acids such as glycine or valine are even poorer substitutes. Thus 
the concept of a highly precise synthetic mechanism leading to a unique 
sequence of amino acids gains support from the very demonstration 
that the mechanism is not perfect. Such a view of protein synthesis 
has also been derived from nutritional experiments such as those of 
GEIGER (1950) and Cannon (1948), who demonstrated that all the 
necessary amino acids must be simultaneously present in order to 
effect net protein synthesis. Thus, a rat on a lysine-deficient diet 
grows well if he is given supplementary lysine at the same time as he 
eats. If the lysine is given several hours after feeding, it is ineffective. 
The thirty year old statement by Rose (1928) needs no modification, 
“Tf a tissue (protein) is to be formed at all, every component must be 
available or be capable of being manufactured by the cell; otherwise 
the synthesis will not occur.”’ 

The theory of protein synthesis that gained most favour during the 
pre-carbon-14 period was that protein synthesis was mediated by 


proteolytic enzymes. However, early calculations by BorsooKk and 
DuBNoFF (1940), as well as all subsequent experimental observations, 
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have shown that peptide bond formation is endergonic with a standard 
free energy increase of 400 to 3000 calories per mole. Furthermore, 
the proteolytic enzymes studied thus far do not have R-group specificity 
adequate to provide a precisely ordered molecule. Although there 
have been many interesting observations on proteolytic enzymes and 
modifications of the original theory, a close relationship to protein 
biosynthesis seems doubtful. The work of FRurTon (1956) and others 
does suggest that transpeptidations may play a role in modifying 
peptide chains. 


III. Jn Vivo AND WHOLE CELL STUDIES ON 
PROTEIN SYNTHESIS 

1. Early observations 

The classic studies of SCHOENHEIMER and his associates (1939) alerted 
biochemists to the surprisingly extensive flux between amino acids and 
protein. The advent of “C- and *S-labelled amino acids provided a 
new, extremely sensitive tool with which to examine protein synthesis. 
The first radioactivity studies showed that amino acids are very 
rapidly incorporated in surviving tissues into the proteins of rat liver 
(Frantz et al., 1947; Metcnror and Tarver, 1947, p. 309; WINNICK 
et al., 1947), tumour (ZAMECNIK ef al., 1948; FARBER et al., 1951), bone 
marrow cells (BoRSOOK et al., 1950a), embryonic tissue (ZAMECNIK ef al., 
1948), silk glands (ZAMECNIK et al., 1949), and bacteria (MELCHIOR ef 
al., 1948). It was immediately found that amino acid incorporation 
was coupled with energy yielding processes. Substitution of nitrogen 
for oxygen (FRANTZ et al., 1948) or the addition of various respiratory 
poisons like sodium azide (WrNNICK ef al., 1947) or sodium cyanide 
(FARBER ef al., 1951) prevented amino acid incorporation. Dinitro- 
phenol which “uncouples”’ oxidation and phosphorylation, permitted 
the tissues to respire but prevented the incorporation (FRANTz et al., 
1948). Those tissues which have the greatest growth rate in vivo 
(tumours (ZAMECNIK ef al., 1948; FARBER et al., 1951), embryo tissues 
(ZAMECNIK et al., 1948), etc.) incorporate radioactive amino acids most 
rapidly in vitro. A rapidly growing ascites tumour cell incorporates 
4(C-leucine at an initial rate of 4 per cent per hour at 37° in vitro 
(LITTLEFIELD and KELLER, 1957) corresponding nicely with its normal 
in vivo doubling time of 18 to 25 hours (FREYMANN, 1956). Pure 
labelled albumin was isolated from surviving hen oviduct tissue by 
PETERS (1953). Even on the most critical scrutiny, the incorporation 
reaction appears to be on the normal path of protein synthesis, from 
which the most important conclusion of this period is that protein 
synthesis is endergonic and probably coupled to adenosine triphosphate 
production. 
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2. Danger of artifacts 

Almost as important in the present context is the oft repeated discovery 
of experimental artifacts in the study of protein synthesis using 
radioactive amino acids. TARVER has discussed these in detail (TARVER, 
1954). Sulphur containing amino acids were bound to the protein 
through disulphide rather than peptide bonds (MELCHIOR and TARVER, 
1947, p. 301). Lysine was bound through its epsilon-amino group 
(SCHWEET, 1956). Glycine was converted to serine and appeared with 
the protein as lipid, perhaps phosphatidyl] serine (WINNICK et al., 1949). 
At an almost bizarre extreme BrunisH and Luck (1952) found that 
several amino acids could be incorporated irreversibly into deoxy- 
nucleohistone protein at rates increasing with concentration of amino 
acids and increasing with temperature up to 100°. Samaria ef al. 
(1956) have recently shown that glycine and cysteine are incorporated 
as glutathione into various proteins under physiological conditions in 
the absence of enzymes. Between 60 and 90 per cent of the incorpora- 
tion was through disulphide bonds and the balance appears to have 
been by peptide bonds. 

It is not even sufficient to avoid the use of labelled amino acids that 
can form bonds other than alpha-peptide bonds. For instance, 
STEPHENSON, THIMANN, and ZAMECNIK (1956) incubated tobacco leaf 
disks with 14-C leucine and “C-L-valine. The protein was isolated and 
washed by the methods which experience had shown to be adequate 
for animal proteins. Nonetheless, treatment of the protein with 
performic acid or thioglycollic acid removed some 30 per cent of the 
activity. The nature of the binding is not known, but it is clear that 
the radioactivity removed by oxidizing agents is not part of the peptide 
chain. Simpson ef al., (1956) also found that leucine is adsorbed too 
tightly to muscle mitochondrial protein to be removed by the usual 
methods. It can be extracted by solution in sodium hydroxide. In 
each of these cases only the most critical re-examination of the experi- 
mental procedure revealed that the incorporation was anomalous and 
probably unrelated to protein synthesis. The appearance of experi- 
mental artifacts has been so frequent in the study of protein synthesis 
using radioactive compounds that no worker can afford to be casual 
or to build his castle entirely on another worker’s foundation. The 
responsibility for demonstrating alpha-peptide bonding remains 
inherent in every new experimental system. Ultimately it is desirable 
to isolate pure identifiable proteins from each system (PETERS, 1953; 
ANFINSEN and STEINBERG, 1951; VauGHAN and ANFINSEN, 1954; 
STEINBERG and ANFINSEN, 1952; FLavin and ANFINSEN, 1954; 
Askonas et al., 1955). Failing this, there is considerable satisfaction in 
isolating labelled peptides from a partial hydrolysate of the labelled 
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impure protein (KELLER ef al., 1954). No method of isolating and washing 
radioactive protein can be accepted as a ‘‘standard procedure,” or considered 
to be free from artifact until it has been proved so for the system under 


examination. 


3. The precursors, peptides or free amino acids 
It has long been axiomatic that proteins must be derived ultimately 
from free amino acids. However, it was not established that the 
immediate precursors of a given protein molecule are free amino acids. 
For instance, it has been suggested that a protein may be produced by 
the assembly of appropriate peptide fragments or by the partial 
breakdown and re-assembly of another protein molecule. Monop et al. 
(1952, 1953), HaLvorson and SPIrEGELMAN (1952), and Rorman and 
SPIEGELMAN (1954) demonstrated that in micro-organisms, induced 
enzymes are formed exclusively from free amino acids. In one experi- 
ment, RoTMAN and SPIEGELMAN (1954) made £. coli uniformly radio- 
active by growing them on !4C-sucrose. After transfer to a non- 
radioactive medium, beta-galactosidase synthesis was induced. After 
some time, the beta-galactosidase was isolated, purified, and its 
radioactivity determined. Within experimental error, it was non- 
radioactive and hence not derived in any part from the radioactive 
protein of the #. coli. In animals, RoBERTs and KELLEY (1956) have 
shown that entire protein molecules such as blood albumin are broken 
down at a rapid rate to yield free amino acids. These mix with dietary 
amino acids and are re-utilized extensively for the synthesis of protein. 
Consequently, the question of whether free amino acids are the pre- 
cursors of protein must be approached indirectly in higher organisms. 
Srmpson and VEuick (1954) and HEIMBERG and VELICK (1954) have 
measured the relative rates of in vivo incorporation of several labelled 
amino acids into the muscle protein of a rabbit, and concluded that each 
protein must be derived from free amino acids. ASKONAS, CAMPBELL, 
Gopry, and WorkK (1955) isolated some thirty peptides from a partial 


hydrolysate of casein and beta-lactoglobulin obtained from the milk of a 


goat injected three hours earlier with C-valine and “C-lysine. These 
two amino acids had a constant specific activity in every peptide, an 
unlikely coincidence unless every peptide had been derived from the 
same pool—namely, the free amino acid. LorrrreLp and Harris 
(1956) induced the synthesis of ferritin in vivo in rat liver while main- 
taining a constant intracellular specific activity of C-leucine, isoleucine, 
and valine. Ferritin isolated after one to three days had leucine, 
isoleucine, and valine with the same radioactivity as the intracellular 
free amino acid pool and much higher radioactivity than other liver 
proteins. Thus, the ferritin could not have been derived from proteins 
which pre-existed the experiment. 
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Further evidence that amino acids are the immediate precursors of 
biologically functional protein is found in antibody formation. A 
recipient rabbit will synthesize antibodies if he receives a transplant 
of minced spleen from a donor rabbit in whom antibody formation has 
been induced. TALIAFERRO and TALMAGE (1955) showed that if 
35S-amino acids were given to the donor some time before the transplant, 
the recipient rabbit produced nonradioactive antibody. However, if 
%>S-amino acids were given to the recipient after the transplant of 
spleen, the antibodies were radioactive. Thus they demonstrated that 
not only are the antibody proteins derived from free amino acids, 
but that the three-day induction period before antibody is produced 
is not a period in which protein precursors of antibody are being 
formed. 

ANFINSEN and his co-workers ANFINSEN and STEINBERG, 1951; 
VAUGHAN and ANFINSEN, 1954; STEINBERG and ANFINSEN, 1952; 
FLAVIN and ANFINSEN, 1954; STEINBERG ef al., 1956, and SHIMURA 
et al. (1956) have observed several cases, in vitro and in vivo, where 
various amino acids appear to have been incorporated into different 
parts of a protein molecule at different rates. They suggest that peptide 
units larger than free amino acids took part in some of the reactions 
leading to the appearance of the isolated proteins (insulin, ribonuclease, 
silk fibroin, etce.). The low rate of incorporation observed in each case 
suggests that the incorporation is either due to reactions subsequent to 
the actual alpha-peptide chain formation (i.e. secondary bondings) or 
due to a very much slowed down synthesis of the alpha-peptide chain. 
In either event, further investigation of similar situations may be 


profitable in determining the direction of polypeptide assembly or the 


role of secondary bonding. We may generalize: protein synthesis 
proceeds from free amino acids without significant participation of peptide 


or protein residues. 


4. The speed of protein synthesis 

The rate at which amino acids are assembled to produce proteins may 
also shed some light on the mechanism of protein synthesis. From the 
fact that some bacteria double in as little as 20 minutes, we might 
assume that individual protein molecules were assembled in no more 
than 20 minutes. Peters (1953) showed that surviving slices of chicken 
liver incubated with radioactive carbon dioxide or glycine released 
labelled albumin after 15 or 20 minutes. Jn vivo, GREEN and ANKER 
(1954) showed that there is a delay of about 20 minutes before the 
injection of labelled amino acids results in labelled serum proteins in 
rabbits and turtles. A similar delay has been observed with mouse 
serum proteins by Borsook et al. (1950b)._ The work of AsKonas e¢ al. 
(1955) already cited indicated that the time required for the synthesis 





THE BIOSYNTHESIS OF PROTEIN 


of any one molecule of milk protein must be only a small fraction of 
three hours. 

Recently we have measured the rate of incorporation of C-valine 
into rat liver ferritin in vivo under conditions where the net rate of 
ferritin synthesis and the specific activity of the intracellular valine 
are known (LOFTFIELD, 1957). Labelled L-valine was injected into a 
rat and lobes of the liver were removed at times from 30 seconds to 80 
minutes. The specific radioactivity of the total trichloroacetic acid 
precipitable protein and of the ferritin in each sample are shown in 
Fig. 1. Incorporation of C-valine into total protein begins almost 
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In vivo incorporation of }4C-valine into the total trichloroacetic acid 


Fig. 1. 

precipitable liver protein and into liver ferritin of two rats. Rat 1 liver 

protein , liver ferritin @. Rat 2 liver protein /, liver ferritin A&A. 10 wmoles 
M4C-.valine given intravenously at zero time. From LoFrrFreLp (1957). 


immediately and is linear for the duration of these experiments. After 
a delay of a few minutes, incorporation of !C-valine into ferritin is also 
linear and corresponds with the established rate of synthesis. Similar 
curves were obtained for leucine. By inference, every valine residue 
in the new ferritin was derived from the free valine pool and the time 
required to assemble the entire molecule (molecular weight about 
400,000) is of the order of a few minutes. 

In those cases where synthesis appears to be slower, it is likely that 
the rate determining reaction is not the assembly of amino acids to a 
protein length polypeptide, but secondary processes like coiling, S-S 
bond formation, secretion, etc. (see below: Section V.5). In other cases, 
the rate of synthesis may have been reduced by traumatic in vitro 
conditions. Although many more proteins should be examined, it 
seems likely that under physiological conditions the time required to 
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convert several hundred amino acid residues into a protein molecule is only 
a few minutes. 


- 


5. The site of protein synthesis 

The site at which protein synthesis occurs remains to be considered. 
The initial circumstantial evidence came from the systematic correlation 
of rate of protein synthesis with amount of cytoplasmic ribonucleic 
acid (RNA). Caspersson and his group (1950) using ultraviolet 
microspectrophotometry, and BRacHET (1950, 1955) and others, using 
more conventional basic dyes, observed that rapidly proliferating cells 
found in root tips, yeast, intestinal mucosa, and embryos, and protein 
secreting cells such as pancreas exocrine cells, liver, etc. all contain a 
relatively large amount of RNA. Much less RNA was observed in 
muscle, heart, and kidney which synthesize less protein. Perhaps the 
most striking evidence of this type comes from the study of anucleate 
amoebae, algae, and reticulocytes. In the amoeba, removal of the 
nucleus interferes with many vital processes, among them feeding. 
The capacity to incorporate radioactive amino acids into protein falls 
rapidly after there has been a considerable decrease in RNA (Liver 
and BracHET, 1951). The alga Acetabularia mediterranea on the other 
hand responds quite differently to enucleation. The synthesis of both 
RNA and protein is actually more rapid in the non-nucleated than in 
the nucleated half of the cell. After some ten days, the synthesis of 
both RNA and protein falls in a parallel manner (BRACHET et al., 
1955). The maturation of red blood cells shows a similar parallelism. 
Immature reticulocytes, lacking a nucleus, contain a normal amount 
of RNA and retain a capacity to synthesize both RNA and protein (as 
measured by incorporation of labelled amino acids, increase of enzyme 
and haemoglobin). Mature red cells have little RNA and essentially no 
capacity of synthesize protein (BoRSOOK ef al., 1952; HoLLoway and 
RipLeY, 1952; Korirz and CHANTRENNE, 1952). From these three 
cases it is clear that protein synthesis can occur outside the nucleus and 
that RNA is probably involved in protein synthesis. 

This latter view receives strong support from a series of in vivo 
studies of amino acid incorporation. Borsooxk ef al. (1950), HULTIN 
(1950), and KEeLueEr et al. (1954, 1951) all reported experiments where 
a mouse, rat, or chicken was given isotopic amino acid. Subsequently 
the liver, or a part of the liver was removed, homogenized, and separated 
by differential centrifugation into nuclear, mitochondrial, microsomal, 
and non-sedimentable (“‘soluble’’) fractions. In general, at periods from 
fifteen minutes to several hours, it was observed that the protein of 
the microsomal fraction (in which most of the cytoplasmic RNA is 
found) was labelled most rapidly. Similar observations were made by 
ALLFREY ef al. (1953) with mouse pancreas. LEIDER (1954), extended 
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KELLER’s in vivo experiment (1954) with rat liver by working at much 
shorter time intervals (Fig. 2). For the period up to ten minutes, she 
calculated that incorporation of alanine, valine, and leucine was about 
1:7 per cent per hour into microsomes, 0-4 per cent into the soluble 
fraction, and 0-25 per cent into mitochondria. All these experiments 
might be interpreted as indicating only that protein synthesis and 
breakdown were more rapid in the microsome fraction than in other 
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Fig. 2. Incorporation of 144C-valine into trichloroacetic acid precipitable 

proteins of rat liver subcellular fractions following intravenous injection of 

14C-valine 90,000 cpm/uM. Microsomes, Mx; Mitochondria, Mt; Soluble 

fraction (100,000 g supernatant) 8S. From Leiber (1954) and KELLER, 
ZAMECNIK, and LOFTFIELD (1954). 


fractions. However, this alternative is refuted by the experiment 
shown in Fig. 3. A rat was given an intravenous injection of 2-5 wmoles 
of 4C-leucine at zero time and 25 wmoles of ordinary leucine at one 
minute. Lobes of the liver were removed at one, five, and fifteen 
minutes and assayed for protein radioactivity and RNA. The rate of 
increase of radioactivity in the microsomes (Vx) changed abruptly 
with the dilution of the C-leucine by the ordinary leucine. The curves 
for soluble protein (S) and mitochondria (1/7?) are less affected by the 
change in specific activity of the leucine. These observations show that 
the protein most recently derived from free amino acids occurs only in 
close physical (and perhaps chemical) association with the microsome 
fraction. 

LITTLEFIELD, KELLER, GROss, and ZAMECNIK (1955) pinpointed the 
site of protein synthesis still more precisely. From successive liver 
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lobes of a rat given a tracer dose of C-leucine, they isolated the micro- 
some fraction which they then treated with sodium deoxycholate. All 
of the lipid and the bulk of the protein (the lipoprotein) dissolved, 
leaving a residue that contained a large part of the cytoplasmic RNA 
and about the same weight of protein (ribonucleoprotein). As can be 
seen in Fig. 4, there is a rapid rise in the radioactivity of the ribonucleo- 
protein followed by a drop which is parallel to the drop in intracellular 
specific activity of leucine after a tracer dose of C-leucine. The other 
fractions studied showed no sharp rise and never fell in radioactivity. 
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If the experiment was repeated with a much larger injection of “C- 
leucine (50 uM), the intracellular specific activity of leucine falls much 


more slowly and the curves in Fig. 5 are obtained. In about three 


minutes the ribonucleoprotein reaches its maximal incorporation. In 

, 14(\ 
was estimated to be 4:4 x 10° cpm/mg, LirrLerreLp et al. (1955) 
calculated that 1-0 per cent of the leucine of the ribonucleoprotein was 


this experiment, since the intracellular specific activity of leucine- 


rapidly turning over. After only a few minutes the other proteins of 


the cell, notably the microsome lipoprotein, are more radioactive than 
the ribonucleoprotein. Srmkry and Work (1957) have reported 
somewhat similar experiments in which guinea pig liver microsomes 
labelled in vivo were fractionated with sodium chloride solutions. 
Their results are similar to those of LirrLEFreLp ef al. except that 
maximal labelling of the most active fraction (SrMKIN’s fraction C) 
did not occur until thirty minutes after the initial injection. Mirsky 
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and his colleagues (ALLFREY ef al., 1953, 1955; Daty et al., 1955) and 
Hvttrin (1955) have made observations substantially similar to SIMKIN 
and Work’s by extracting mouse pancreas microsomes with ribonu- 
clease and by extracting liver microsomes with dilute bicarbonate. 
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Fig. 4. In vivo incorporation of '4C-leucine (tracer dose) into microsomes of 
rat liver fractionated with sodium deoxycholate. After LITTLEFIELD, KELLER, 
Gross, and ZAMECNIK (1955). 
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microsomes of rat liver fractionated with sodium deoxycholate. After 
LITTLEFIELD, KELLER, Gross, and ZAMECNIK (1955). 


In every case the most rapid incorporation or turnover took place in 
whichever fraction of the microsomes contained the most RNA, and 
in every case the specific activity of the ribonucleoprotein appeared to 
reflect most directly the specific activity of the free amino acids. 

A final piece of evidence that the ribonucleoprotein fraction of the 
microsomes is intimately associated with protein synthesis comes from 
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a quantitative inspection of the incorporation of “C-leucine into the 
subcellular components of the Ehrlich ascites tumour. LITTLEFIELD 
and KELLER (1957) incubated ascites cells with |C-leucine in ascites 
fluid buffered and fortified with glucose. The initial rate of incorpora- 
tion was about 4 per cent per hour—sufficient to account for the normal 
in vivo doubling time of 18 to 25 hours (FREYMANN, 1956) (although no 
new mitoses are observed in vitro). As in the case of liver, LITTLEFIELD 
and KELLER found the ribonucleoprotein was maximally labelled (ca. 
1 per cent) in two or three minutes (Fig. 6). The maximal rate of 
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Fig. 6. In vitro incorporation of “C-valine into subcellular fraction of whole 
mouse ascites cells. From LirrLeFrreELp and KEeLueR (1957). 


labelling of this protein is about 0-6 per cent per minute which is rapid 
enough to account for more than 80 per cent of the cytoplasmic protein 
synthesis. This indicates that, under nearly normal physiological 
conditions, with protein synthesis proceeding at a normal rate, most or 
all of the protein synthesis is taking place in a relatively small subcellular 
fraction the ribon ucleoprote in fraction of the microsomes. 

It is well to emphasize that most of the work discussed so far concerns 
experiments done in vivo or on surviving tissues where there is good 
evidence that normal processes have not been seriously disrupted. 
From the evidence presented, hundreds of free amino acids are somehow 
combined very quickly to yield a complex “‘polypeptide’’ which at 
first is associated with the ribonucleoprotein of the microsome, and 
within minutes is a free protein molecule of unique structure. What is 
this microsomal ribonucleoprotein ? 


[V. MorpHoLoey 
1. Electron micrographic evidence 
The microsomes are by definition submicroscopic particulate material 
isolated from the ground substance of the cytoplasm. Quite naturally 
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then the detailed morphology of this submicroscopic material could 
not be studied until the advent of the electron microscope. The earliest 
electron microscopic observations on spread whole cells by PoRTER and 
his associates (1953) suggested a network of strands associated with 
vesicles of about 100 my. The development of superior microtomy 
and embedding techniques permitted the examination of very thin 
sections which in turn revealed much more about the fine structure of 
the cell. Electron micrographs of a parenchymatous liver cell (Fig. 7) 
and an acinar pancreas cell (Fig. 8) are presented here along with a 
schematic representation of the latter (Fig. 9). The nucleus “‘n”’ is seen 


Fig. 9. Schematic representation * an acinar pancreatic cell constructed 
from electron micrographic observations. From Sjostrand and HaANnzon 
1954). 


only in the drawing. Both micrographs show mitochondria ‘‘m’’ in 
which a certain amount of internal fine structure is visible and the 


pancreatic cell shows part of a cell membrane “cm.” Most pertinent 


to our discussion are the cytoplasmic membranes “‘er’’ which fill the 
bulk of the pancreatic cell and part of the liver cell. In general, it 
appears that these are double membranes covered on their outer surface 
with dense particles about 140 A in diameter: i.e. like so many almost 
deflated toy balloons packed together. 

Palade’s systematic examination of forty mammalian cell types 
has revealed that all but mature red blood cells contain these dense 
particles associated in some degree with the membranes (PALADE, 
1955). Some of the granules may exist unattached to membranes, and 
the number of granules varies with the cell type, being lowest in the 
cytoplasm of granulocytes and seminal epithelia, highest in rapidly 
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treating rat liver microsomes with sodium deoxycholate Unstained and 


unfixed. From LIrTLEFIELD, KELLER, Gri ,and ZAMECNIK (1955). 
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proliferating cells and glandular cells. In cell types showing intense 
basophilia (acinar cells of pancreas, mammary and salivary glands) 
almost all of the particles appear to be attached to the membranes. 

Because osmium tetroxide has been used to fix the sections in these 
studies, it might be argued that the “dense particles” are really not 
dense but merely more deeply stained or oxidized by osmium tetroxide. 
However, controls fixed by formaldehyde have been run and although 
the quality of the pictures is poorer, small relatively dense particles 
are still observable in the same sites and numbers (PALADE, 1955). 
Thus these particles must be naturally more electron-dense. Extensive 
controls to establish that the submicroscopic appearance of these cells 
is not due to post mortem changes have also been carried out by 
SJOSTRAND and Hanzon (1954). We feel secure in regarding the 
above photographs as representative of the submicroscopic morphology 
of typical protein secreting mammalian cells. 


2. Subcellular fractionation 


In describing the subcellular morphology above, we have deliberately 
avoided assigning the term microsome to any of the observed structures. 
The membranes, the small particles attached to membranes, small 
unattached particles, and perhaps other bodies all qualify as sub- 
microscopic particulate material. The cytochemists have provided the 
operational definition of microsome. If a tissue such as rat liver is 
ground between smooth surfaces in isotonic or hypertonic sucrose 
solutions, a large fraction of the cells is ruptured with minimal damage 
to the intracellular components (HOGEBOOM and SCHNEIDER, 1955). 
These intracellular components can then be somewhat arbitrarily divided 
into four fractions by differential centrifugation. The nuclear fraction 
sediments in ten minutes at 700 « g, the mitochondrial fraction sedi- 
ments at about 5000 x g, the microsomal fraction is that which 
sediments in one hour at 100,000 « g, and the unsedimented residue 
is called the soluble fraction. (If the original homogenate is layered 
over a sucrose solution with a graded density, centrifugation results 
in complete separation of nuclei, mitochondria, microsomes, and soluble 
materials in a single operation (ANDERSON, 1955). By selecting appro- 
priate conditions, it has been possible to obtain essentially homogeneous 


preparations of nuclei (HoGEBOOM ef al., 1952) and of mitochondria 
(NovIKOFF, 1953; SCHNEIDER, 1953), which still appear microscopically 
to be the same as they were in situ. The problem of identification is 


further simplified by the fact that 70-90 per cent of the deoxyribo- 
nucleic acid of the homogenate appears in the nuclear fraction as would 
be expected from the staining properties of the nucleus. The mito- 
chondrial fraction also shows some of the same staining properties as 
are shown by mitochondria in situ. 
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3. The identity of the ribonucleoprotein particl 

The identification of the microsome fraction with definite subcellular 
structures has been more difficult. SLAUTTERBACK (1953) examined 
electron micrographs of mouse liver microsomes and concluded that 
there were predominantly two types of particles: (1) a large particle 
about 1300 A and (2) a small particle about 230 A, dense to the electron 
beam without staining. Since the centrifugal forces used should not 
have sedimented particles as small as 230 A, it was suggested that these 
were associated originally with larger particles. 

Ultracentrifugal analysis of extracts of rat liver by PETERMANN and 
her colleagues (1953, 1954) had shown that the bulk of the cytoplasmic 
RNA is in small particles containing roughly equal amounts of protein 
and RNA. The sedimentation rate of these particles suggested that 
they were identical with the 230 A particles of SLAUTTERBACK. 

These observations have been extended by LirTLEFIELD, KELLER, 
Gross, and ZAMECNIK (1955) who treated liver microsomes with 
sodium deoxycholate. STRITTMATTER and BAwt (1952) had shown that 
sodium deoxycholate solubilizes the bulk of the microsomes of rat 
liver, presumably the lipoproteins. As shown in Fig. 10, the electron 


micrograph shows that untreated microsomes are a mixture of particles 
as observed by SLAUTTERBACK. After treatment by sodium deoxycho- 
late (Fig. 11) the insoluble fraction consisted of only 210 A particles. 


These were about 50 per cent RNA and 50 per cent protein. These 
ribonucleoprotein particles contained essentially all of the RNA and 
one-sixth of the protein of the original microsome preparation. On the 
other hand, PALADE and SreKeEvirz (1956) showed that if the micro- 
some preparation is treated with ribonuclease, all of the ribonucleo- 
protein particles disappear and only membranous material remains. 
This material is made up of about equal parts of lipid and protein: 
about 80 per cent of the microsomal protein and almost all of the lipid. 
The ribonucleoprotein particles of both SLAUTTERBACK and LITTLE- 
FIELD et al. were more than 200 A in diameter whereas the small, dense 
intracellular particles seen after osmium fixation in Figs. 7 and 8 are 
only about 140 A. This discrepancy may be due to shrinkage caused 
by osmium fixation or to flattening of the unfixed particles during 
drying. PALADE and STEKEvITz (1956) showed that when a pellet of 
ribonucleoprotein particles was fixed with osmium and embedded like 
a block of tissue, the diameter of the particles was 100 to 150 A. Thus, 
while running the risk of oversimplification, we can say that about 
five-sixths of the protein of the microsome fraction of rat liver is 
lipoprotein corresponding to the membranes and about one-sixth is in 
the ribonucleoprotein particles, some of which are attached to the mem- 
branes but separable from the membranes by deoxycholate treatment. 
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4. The occurrence of ribonucleoprotein particles 

As indicated above, small particles are found in the electron micro- 
graphs of many cell types and in rough proportion to the synthetic 
activity of the cell. Although combined morphological and cyto- 
chemical studies have not been done in every case, these are probably 
ribonucleoprotein particles. Thus, for instance, the microsomal 
fraction (i.e. sedimenting between 5000 x g and 100,000 x g) of pancreas 
and kidney (ALLFREY et al., 1953), ascites cells (LITTLEFIELD and 
KELLER, 1957), and reticulocytes (RABINOWITZ and OLSON, 1956) 
contains most of the RNA of the tissue. 

The ubiquity and over-all constancy of property is demonstrated by 
the isolation of similar ribonucleoprotein particles from the spleen, 
ascites tumour, yeast, bacteria, pea seedlings, and wheat roots. These 
are summarized in Table 1. 

The differences in morphology of various cells are so great that the 
failure to obtain ribonucleoprotein particles under a given set of 
conditions does not prove that the RNA is present in some other form. 
For instance, a large part of the cell RNA has been found in more 
rapidly sedimenting fractions of bacteria (GALE and FoLKsgs, 1955a), 
pea seedlings (WEBSTER and JoHNSON, 1955), and hen oviduct homo- 
genates (HENDLER, 1956). The ribonucleoprotein particles are doubt- 
less carried down with larger structures, in some cases at least because 
cell disruption has been incomplete. However, it is well to note that 
not only is there considerable RNA in the nucleus but careful work by 
Stmeson et al. (1957) indicates that there is some RNA inside mito- 
chondria. HOAGLAND and ZAMECNIK (1957) find some lower molecular 
weight RNA in the soluble fraction. The RNA of mitochondria and 
nuclei also appears to be involved in protein synthesis. Such evidence 
suggests that RNA may exist in several forms and with more than a 
single function in living cells. However, a large part of the RNA in all 
cells does appear to exist in the form of discrete ribonucleoprotein particles 
with similar size, weight, and composition. Histochemical, morpholo- 
logical, and in vivo incorporation studies indicate that such ribonucleo- 
protein particles are the actual site at which protein synthesis occurs. 

Having emphasized the interphylogenetic similarities of these 
particles, it is well to point out that not only are there differences 


between species (i.e. size: Table 1), but even within a tissue they are 


not all identical. Chemical analysis of successively sedimenting frac- 

tions of mouse microsomes by CHANTRENNE (1947) and by BarNuM 

and Husrsy (1948) indicates a heterogeneity although this may have 

been due to binding of particles to lipoprotein. The in vivo labelling 

of guinea pig microsomes by Stmkrn and Work (1957) and by HuLtTin 

(1955) suggests a biochemical heterogeneity in the ribonucleoprotein. 
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CELL-FREE MAMMALIAN STUDIES 


Most conclusive in this argument are the ultracentrifuge observations 
of PETERMANN and her co-workers (1953, 1954, 1956). As many as 
seven groups of cytoplasmic ribonucleoprotein particles with charac- 
teristic sedimentation constants are observed in various rat tissues. 
Electrophoresis also shows several distinct groups of ribonucleoprotein 
particles (PETERMANN and HamiLtTon, 1957). The relative proportion 
of these different particles varies with the tissues. For instance, 
following partial hepatectomy when tissue regeneration becomes a 
major activity of the liver, Component B (498) decreases to half its 
normal value, while Components C (38S) and F# (27S) nearly double. 
All return gradually to normal in one or two weeks as the liver 
approaches its normal weight. From the characteristic ratios of 
Components 6 and C in tumours, liver, pancreas, and embryo cells, 
PETERMANN (1956) concludes that Component #6 functions in the 
synthesis of proteins for secretion while C is involved in the synthesis 


of the cell’s own substance. 


CELL-FREE MAMMALIAN STUDIES 

1. Introduction 

As long as a cell remains intact or only partly disrupted, it is able to 
produce or retain many of the materials needed for biochemical 
activity. Hence protein synthesis in the intact cell will not always 
respond to an attempt to add or withdraw an essential factor. If the 
cell structure is adequately disrupted and fractionated, the need for 
such essential factors may become apparent. For this reason many 
efforts have been made to study the biosynthesis of protein in cell- 
free systems. Since it has been difficult or impossible to achieve a net 
synthesis, the incorporation of radioactive amino acids into total 


protein has generally been used as a measure of synthesis. The already 
mentioned risk of error with this criterion is multiplied because the 
incorporation rates are usually much lower than in in vivo experiments, 
In 
the mammalian cell-free systems to be discussed in this section there 
the labelled amino acids have formed 


the side reactions and artifacts proportionally more prominent. 


is no reasonable doubt that 
alpha-peptide bonds. On the other hand, it has not yet been established 
that these mammalian cell-free systems are producing completed 
labelled protein molecules. The final step in forming the protein may 
be disturbed. 

As with the tissue slice studies, the first homogenates indicated an 
obligatory connection between an energy source and labelled amino 
acid incorporation. Thus WrINNIcK (1950), PETERSON ef al. (1951, 1952), 
and Kir and GREENBERG (1952) all found that adenylic acid derivatives 
stimulated incorporation. SrekEviTz (1952) and SteEKEvITz and 
ZAMECNIK (1951), in a more detailed investigation, found that most of 
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the labelled amino acid entered microsome protein but that the mito- 
chondria were a necessary component of their incorporation system. 
They observed that the incorporation of C-alanine required those 
substances known to be necessary for oxidative phosphorylation, i.e. 
adenylic acid, oxygen, an oxidizable substrate, magnesium ion, and 
phosphate ion. SreKEviTz (1952) and ALLFREY ef al. (1953) observed 
that ribonuclease inhibited the incorporation reaction. 


2. ATP as the energy source 

A major advance in this type of study was made possible by BUCHER’s 
(1953) development of more gentle homogenization techniques. 
ZAMECNIK and KELLER (1954) found that such liver homogenates were 
able to incorporate labelled amino acids at a linear rate for about ten 
minutes if hexose diphosphate or phosphocreatine or phosphoenol- 


pyruvate was available as an energy source. The mitochondria could 


be dispensed with and the reaction proceeded anaerobically. The 
microsomes and soluble fraction were ineffective separately but fully 
active when recombined, in which case the labelled amino acid appeared 
chiefly in the microsomes. If the soluble fraction was dialysed before 
recombination with the microsomes, the system was inactive unless 
adenosine triphosphate and a high-energy phosphate compound such 
as phosphocreatine were also added. The biological pertinence of the 
work is supported by the following observations. The reaction was 
specific for L-amino acids, sensitive to heat denaturation, and to 
ribonuclease. While alpha-aminobutyric acid was incorporated poorly 
if at all, the incorporation of several natural L-amino acids was additive 
rather than competitive. '4C-leucine containing peptides were isolated 
from the partial hydrolysate of the labelled microsome protein. 

From this it appears that, as far as the incorporation of labelled 
amino acids is concerned, the mitochondria of the intact cell and of 
Siekevitz’s system serve merely to provide ATP, without which there 
is no incorporation. Jf ATP and an AT'P generating system are pro- 
vided along with dialysed soluble fraction, maximal incorporation takes 


place into the microsomal protein. 


3. GT'P as a cofactor 

The incorporation system was further defined by KetuER and 
ZAMECNIK (1956). They found that the dialysed soluble fraction of 
rat liver still contained nucleotides which could be washed out by 
precipitation of necessary protein at pH 5; “the pH 5 enzymes.” 
When C-amino acid, pH 5 enzymes, rat liver microsomes, and an 
ATP generating system were incubated, incorporation of the radio- 
activity occurred only if guanosine triphosphate (GTP) or guanosine 
diphosphate (GDP) was present. Since under these conditions GDP 
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and GTP are readily interconvertible, one cannot say which is the 
necessary factor. However, no other guanosine derivative (guanosine 
3’-phosphate, guanosine diphosphate mannose, or xanthosine dipho- 
sphate) replaced GDP or GTP except for a slight effect with guanosine 
5'-phosphate (presumably due to conversion to GDP or GTP). Further- 
more the 5’-mono-, di-, or triphosphates of inosine, cytidine, uridine, 
and adenine were ineffective except for a slight (10 per cent) stimulation 
by ITP or IDP. The function of ATP in this synthesis is more than to 
generate GTP, for ATP and an ATP generating system remain neces- 
sary even if excessive amounts of GTP are used. In the light of bacterial 
studies, the most striking observation was that GTP (or GDP) was the 
necessary and sufficient cofactor for every amino acid studied (glycine, 
alanine, valine, isoleucine, leucine, and phenylalanine). Furthermore, 
as with whole cells, labelled amino acid once bound in microsome 
protein could not be released by further incubation with '*C-amino acid. 

With reference to the possibility of artifact, it should be noted that 
the incorporation of each of six “C-amino acids into ribonucleoprotein 
in the presence of pH 5 enzymes, ATP, and GTP was five to eighteen 
times greater than it was in the absence of one factor. The isolation of 
leucine-containing peptides as well as the more usual criteria emphasized 
that polypeptides were being formed in this system which now consisted 
of pH 5 enzymes, GTP (or GDP), ATP and an ATP generating system, 
labelled amino acid, and rat liver microsomes. 

The incorporation of amino acids into protein had the same require- 
ments whether the pH 5 enzymes and microsomes came from rat liver, 
rat hepatoma, or mouse ascites cells, and in fact, it was effective to use 
microsomes from one source and pH 5 enzymes from another. The 
LITTLEFIELD and KELLER (1957) study of the Ehrlich mouse ascites 
tumour is particularly informative. Because the microsomes and 
soluble protein from lysed ascites cells contain so little adenosine 
triphosphatase, it is sufficient to add 10mM ATP without any ATP 
generating system. Removal of all nucleotides with Dowex-1 (an anion 
exchanger) caused a 95 per cent inhibition of incorporation which could 
be relieved only with 10mM ATP plus 0:05mM GTP. As above, 
GDP and GTP were equivalent but no other nucleotide was effective 
with the four labelled amino acids used. 

Treatment of any of these microsome fractions with deoxycholate 
completely inhibits the incorporation reaction but the ascites micro- 
somes can be treated with 0-5 M sodium chloride which leaves only the 
ribonucleoprotein particles. Ribonucleoprotein particles thus prepared 
are fully active in incorporating labelled amino acids in the presence 
of pH 5 enzymes, GTP, and ATP. Thus the lipoprotein appears to 
have no immediate role in the incorporation reaction. Other observa- 
tions that may be pertinent are that the reaction is specific for L-amino 
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acids, it is irreversible under all conditions, it is strikingly sensitive to 
ribonuclease (0-1 y/ml), and it is not stimulated by the addition of 


seventeen natural amino acids. 


4. The activating enzymes 


Of the five components now required for the incorporation reaction, 
ATP, GTP, and the radioactive amino acid are definite chemical 
compounds while the ribonucleoprotein particles are rather well 


characterized morphologically, chemically, and physically. What is 
known about the pH 5 enzymes except that they are the fraction of 
soluble protein which precipitates at pH 5 and redissolves in neutral 
buffer? HoaGLaANnp, KELLER, and ZAMECNIK (1956) first investigated 
this relatively crude mixture of enzymes and discovered that it catalysed 
the exchange of **P-pyrophosphate into ATP in the presence of L- 
amino acids. This was suggestive of a process in which the ATP 
reacts reversibly with an L-amino acid to yield an aminoacyl adenylate 
and pyrophosphate. Such an aminoacyl adenylate ought to react 
with hydroxylamine to give an alpha-amino hydroxamic acid. Indeed, 
excellent stoichiometry was obtained for the over-all reaction: 


NH, NH, 
ATP + R—C—H + H,N-OH > AMP + P—P + R—C—H 
8) O 
OH C-NHOH 


This “amino acid activation” reaction required no other nucleotides 
than ATP and could use no others. Finally, from partial fractionation 
studies it appeared that at least several different enzymes were present 
that were active towards different L-amino acids. 

DrEMoss and Nove wi (1955) found similar enzymes in the soluble 
extracts of micro-organisms of more than a dozen genera. Like Hoaae- 
LAND, they found that in the presence of the enzyme, L-amino acids 
catalysed the exchange of pyrophosphate into ATP. Eight different 
amino acids (isoleucine, leucine, valine, tyrosine, methionine, phenyla- 
lanine, histidine, and tryptophan) were effective catalysts and their 
effects were additive. These same eight amino acids were activated to 
yield amino hydroxamic acids in the presence of hydroxylamine. 
Chloramphenicol, which has been widely regarded as a specific inhibitor 
of protein synthesis, had no effect here. DrMoss, Grenuru, and 
NOVELLI also succeeded in synthesizing one of the postulated inter- 
mediates, leucyl adenylate (1956). Being the mixed anhydride of an 
amino acid and a nucleotide phosphoric acid, the compound was 
relatively unstable with a half-life of only ten minutes in neutral 
solution at 37°. Under similar conditions acyl adenylates such as 
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butyryl adenylate have a half-life of about twenty hours (TALBERT and 
HUENNEKENS, 1956). By the use of isotopes they definitely showed 
that in the presense of the enzyme and pyrophosphate, leucyl adenylate 
can give ATP. 

DAVIE, KONINGSBERGER, and LipMAnN (1956) found that qualita- 
tively similar enzymes were present in pancreatic extracts as shown 
by hydroxamic acid formation and pyrophosphate exchange. In 
addition, crude pigeon pancreas extract could replace the pH 5 enzymes 
of liver in KELLER and ZAMECNIK’s (1956) system for incorporation of 
labelled amino acids into rat liver microsomes. Using the carboxyl 
activation of tryptophan as an assay they purified one enzyme about 
two hundred fold. At this stage of purification the enzyme activated 
L-tryptophan and its analog, tryptazan, but no other amino acids. 
Although the enzyme crystallized, ultracentrifugal and electrophoretic 
investigations showed the presence of about 20 per cent of nonenzymatic 
impurities. One molecule of tryptophan remained bound to each 
molecule of the most highly purified enzyme (mol.wt. ca. 25,000). In 
addition, one or more molecules of a nucleotide which appeared to be 
GMP were firmly bound but could be removed by incubation with ATP 
and tryptophan without affecting the activity of the enzyme. The 
amount of enzyme appears to be at least ten times more than necessary 
to account for the established rate of pancreatic protein synthesis in 
vivo. 

Huntin (1956) and HuutTrn and Breskow (1956) have found excellent 
indirect evidence for ‘“‘activated”’ amino acid intermediates in protein 
synthesis. Their cell-free “C-glycine or ™C-leucine incorporating 
system was substantially the rat liver microsomes plus soluble fraction 
of ZAMECNIK and KELLER (1954). They first observed that the addition 
of hexokinase plus glucose to the functioning incorporation system did 


not stop incorporation immediately although the energy source, ATP, 


is instantly consumed. In the same way, the addition of a one thousand 
fold excess of °C-glycine or leucine after the incorporation had begun 
did not immediately stop the incorporation. Finally, they incubated 
the soluble fraction with “C-leucine and the ATP generating system, 
added the 'C-leucine and then added microsomes. The microsome 
protein became labelled even though the microsomes were not added 
until the “C-leucine had been diluted. All these observations are 
consistent with an energy coupled production of an “‘activated”’ 
amino acid which does not rapidly equilibrate with the free amino-acid 
pool but which does react quickly and exergonically with microsomes 
to form protein. 

Further evidence for such activated intermediates comes from the 
work of HoaGLAND and ZAMECNIK (1957). If the “pH 5 enzymes” are 
incubated with C-leucine and ATP, some of the “C-leucine becomes 
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bound, apparently covalently, to the pH 5 enzymes. The pH 5 enzymes 
can be washed free of ATP and free C-leucine by repeated precipitation 
and then incubated with microsomes in the presence of “C-leucine. 
If GTP is also present, the C-leucine is transferred almost quanti- 
tatively to microsome protein. Neither ATP nor any other nucleotide 
is effective in mediating this transfer. If microsomes are not added, 
the 14C-leucine is found attached to some low molecular weight (ca. 
20,000) RNA found in the soluble fraction. 


5. The function of the microsomal lipoprotein membranes 
The electron micrographs of pancreatic and liver cells (Figs. 7 and 8) 
as well as other protein secreting cells are characterized by their having 
the ribonucleoprotein particles attached to the lipoprotein membranes. 
On the other hand, cells which synthesize protein actively but do not 
secrete (yeast, bacteria, ascites cells) have little or no lipoprotein 
membranous material. That these membranes are associated with the 
secretory process has been suggested by Drmpsey and PETERSON 
(1955), who made electron micrographs of rat thyroids from normal 
rats and from rats that had been either hypophysectomized, exposed to 
cold, or treated with thiouracil. The latter two treatments which 
increase the output of thyroglobulin brought about a ballooning of the 
membranes as though the membranes were being filled with material 
to be secreted. A similar view had been expressed by WeErtIss (1953) 
for pancreatic zymogen granule formation. 

In this connection, it is interesting to compare the in vivo incorpora- 
tion of #4C-leucine into the subcellular components of a secretory organ 
(liver; Figs. 4 and 5) with the incorporation into the subcellular 


components of a nonsecretory tissue (mouse ascites cells; Fig. 6). 


The microsome lipoprotein of liver is labelled four times faster than the 
total cell protein whereas the deoxycholate soluble material from 
ascites cell microsomes incorporates C-leucine only at the same rate 
as the average cell protein. 

As noted above, ferritin, whose chief function is the intracellular 
storage of iron, is completely formed in about six minutes, while 
PETERS (1953) and others have found secretory proteins such as albu- 
min were not labelled for some twenty minutes. It may be that before 
appearing in identifiable form, the secretory proteins are accumulated 
in the membranes where further modification or secondary bonding is 
accomplished. PETERS (1957) has very recently reported that labelled 
immunologically functional albumin begins to accumulate in the 
lipoprotein membranes of chicken liver microsomes within a few 
minutes after administration of “C-carbon dioxide, and long before 
any labelled albumin appears in the soluble fraction. 

HOoKIN (private communication) has observed that stimulation of 
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the secretion of protein from pancreas and salivary glands is accom- 
panied by an increase in the turnover of phospholipid phosphorus 
which is largely found in the microsomal lipoprotein membranes. 
This, too, is suggestive of the importance of the lipoprotein membranes 
in the later stages of protein synthesis. 

The sequence of events then appears thus: ATP reacts with various 
amino acids in the presence of widely distributed enzymes to yield an 
aminoacyl adenylate, this in one or more steps mediated by GTP 
(or GDP) reacts with the ribonucleoprotein particle to “‘incorporate”’ 
the amino acid into protein. Frequent qualitative correlation of the 
behaviour of the intact in vivo system with the disrupted cell-free 
systems supports the notion that these are the steps leading to protein 
synthesis. If appreciable amounts of protein were being synthesized, 
one would expect that the presence of all the naturally occurring 
amino acids would stimulate the synthesis of protein as is observed for 
example in surviving pancreas slices (HOKIN 1952). In view of the 
small amount of synthesis in the cell-free system (combined undoubtedly 
with some proteolysis), it is not surprising that the incorporation is not 
affected by the addition of other amino acids. Nonetheless, such an 
observation reminds us that “incorporation”? and protein synthesis 
are not synonymous until proved so. 


VI. OrnHeR EXPERIMENTAL SYSTEMS 

1. Animal studies 
In an effort to obtain net synthesis of specific proteins, a number of 
tissues of higher animals have been investigated. ZAMECNIK ef al. 
(1949) have shown that the isolated silk gland incorporates radioactive 
glycine and alanine into silk protein. Under optimal conditions 
SHIMURA et al. (1955) observed a net synthesis of about 500 y of silk 
protein per hour in glands whose wet weight was about 10 mg. Attempts 
by ZAMECNIK to achieve protein synthesis in silk gtand homogenates 
have been thwarted by the gluey character of such homogenates. 

Hoxtn (1950, 1952) and Hoxrn and Hokrwn (1956, 1954) and Day 
et al. (1955) have studied synthesis of amylase, ribonuclease, lipase, 
and proteolytic enzymes by intact mouse pancreas in vitro and observed 
the effects of physiological condition, metabolic poisons, etc. The 
intact gland is convenient to work with and the rates of synthesis are 
excellent. An important observation by Hokry and Hokrn (1954) 
is that stimulation of enzyme synthesis by various means is accompanied 
by a decrease in the rate at which radioactive phosphate is incorporated 
into RNA. 


STRAUB e¢ al. (1955) and ULLMANN and StRAvB (1954) have reported 


the synthesis of amylase in cell-free pancreatic systems. However, in 
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more recent communications, ULLMANN and STRAUB (1956) express 
some reservations as to whether the observed rise in amylase activity is 
actually de novo synthesis of protein. They may be observing the later 
stages of secondary bonding, activation, release, and secretion as 
suggested above for albumin. Several reports by Kuestn (1954a,b, 
1955, 1956) of protein synthesis by subcellular components of pigeon 
liver or rat liver are provocative, but still too poorly defined to contri- 
bute to our knowledge of protein synthesis. 

Reticulocytes whose main activity is the synthesis of protein also 
appear to be excellent experimental material. It is an indication of 
the complexity of the problem that Borsoox, ABRAmMs, and Lowy 
(1955) isolated, with considerable skill and effort, a stimulating factor 
for haemoglobin synthesis. These substances which were found in 
liver extracts were identified as fructose-l-amino acids.  Anti- 
climatically, isotopic studies showed that these compounds were not 
intermediates in protein synthesis, but were probably involved in iron 
transport. Whole cell studies by Rasrnovitz and OLSEN (1956) have 
indicated that the ribonucleoprotein of reticulocytes takes part in the 


synthesis of haemoglobin. 

The isolated nuclei of calf thymus cells incorporate labelled alanine 
and glycine into protein which is associated with deoxyribonucleic acid. 
ALLFREY, Mrrsky, and Osawa (1955) found this incorporation was 
only slightly affected by RNAase and chloramphenicol, but strongly 


inhibited by DNAase and respiratory poisons. The DN Aase inhibition 
can be reversed by replacing the damaged DNA with calf thymus 
DNA, from which these workers suggest that DNA is directly involved 


in protein synthesis. 


2. Plant studies 

As mentioned above, ribonucleoprotein particles exist in high concen- 
tration in pea seedlings (T's’o et al., 1956) from which they are easily 
extracted. WEBSTER and JOHNSON (1955) have investigated the incor- 
poration of labelled glutamic acid into the protein of a fraction sedi- 
menting at 40,000 x g which undoubtedly contains some of the 
ribonucleoprotein particles. This incorporation is inhibited by ribo- 
nuclease and the inhibition is relieved by mixtures of purines, pyri- 
midines, nucleosides, and ribotides, and RNA from several sources. 
Although the effects are not great, they appear to be consistent and 
indicate that the incorporation reaction depends both on intact RNA 
and on simpler nucleotides which may be derivable from the added 
compounds. The capacity of this complex mixture of ribonucleo- 
protein particles and other elements to interconvert metabolites has 
persuaded WEBSTER (1957) that unambiguous effects will be found only 
in simpler systems. 
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The semi-autonomy of various subcellular structures has also compli- 
cated the study of protein synthesis in tobacco leaves. STEPHENSON, 
THIMANN, and ZAMECNIK (1956) found maximum initial incorporation 
in a microsome-like fraction which contained 15 per cent RNA. Subse- 
quently the most and longest lasting incorporation was in the chloro- 
plast fraction which contains RNA and may have been contaminated 
with some microsomes. The fact that light and oxygen stimulate 
incorporation indicated an energy dependence. However, no depen- 
dence on ATP nor on a full complement of amino acids could be observed 
despite the very high rate of incorporation. Evidently the endogenous 
production of amino acids, energy and other cofactors is so high in the 


chloroplasts that further additions are without effect. 


3. Micro-organisms: whole cell studies 
Micro-organisms with their possibilities for rapid growth, genetic 
control, synchronization, adaptive enzyme synthesis, and biochemical 
constancy provide an excellent experimental material. The experi- 
ments of Monop (Monop e¢ al., 1952; Monop and Coun, 1953) and of 
HALVORSON and SPIEGELMAN (1952), RorMaAN and SPIEGELMAN (1954) 
already mentioned, showed that the precursors of adaptive enzymes are 
not preformed protein. The synthesis of protein by anucleate cells or by 
cells whose DNA had been damaged by radiation indicated that DNA 
is not directly involved in protein synthesis. A thymine-less mutant of 
E. coli can synthesize xylose isomerase in the absence of thymine 
which is a DNA precursor (COHEN and BaRNER, 1954), while other 
mutants are unable to synthesize enzymes in the absence of necessary 
RNA precursors (PARDEE, 1954; Monop ef al., 1952). This suggests a 
more immediate role for RNA than DNA. 

PARDEE and PRESTIDGE (1956) have shown that mutants of EF. coli 
and yeast, deficient in one or another amino acid, are unable to 


synthesize either protein or ribonucleic acid in the absence of the 


required amino acid, further evidence of the amino acid specificity of 
protein. In the presence of the necessary amino acid both RNA and 
protein synthesis are restored. Chloramphenicol specifically inhibits 
the protein synthesis without affecting RNA synthesis. More striking, 
chloramphenicol permits RNA synthesis to resume when both RNA 
and protein synthesis have been blocked by the lack of adequate 
supplies of a particular amino acid. Ycas and BRAWERMAN have 
made similar observations with other mutants (YCAs and BRAWERMAN 
1957) as have Gros and Gros (1956). Experiments of this sort have 
been generally interpreted as establishing an obligatory relationship 
between the synthesis of protein and the synthesis of RNA. Similar 
conclusions have been drawn by SPIrEGELMAN ef al. (1955) and by 
PARDEE (1954) from experiments in which enzyme formation was 
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inhibited by either the absence of uracil or by the presence of 5-hydroxy 
uridine. 

CHANTRENNE (1956, and private communication) has examined 
the RNA, DNA, free nucleotides and enzyme formation in the yeast 
mutant “petites colonies” following exposure to oxygen. Oxygen 
stimulates an adaptive formation of catalase, cytochrome c, and cyto- 
chrome oxidase. During the adaptation, there is a measurable decrease 
in RNA and increase in the free nucleotide pool. The use of MC- 
adenine and -uracil showed that there is a doubled @C incorporation 
into RNA and DNA of adapting yeast despite the fact that the specific 
activity of the precursors is lower due to dilution. When resting yeast 
containing “4C-RNA (by prior growth on “C-adenine) was stimulated 
with oxygen there was a release of C-purine compounds from RNA. 
From this it appears that ribonucleoprotein must be broken down to 
mononucleotides from which entirely new ribonucleoprotein (particles ?) 
are assembled, specific for the synthesis of the new type ot protein. 
The inference is that there must be a specific RNA for the synthesis 
of every different protein as suggested by PEeTERMANN’s (1956) study 
of ribonucleoprotein particles in liver and tumour. It is not evident 
whether the RNA from which the mononucleotides come has any 
function except that of a nucleotide bank. 

CREASER (1956) has done much to clarify the relationship between 
RNA synthesis and protein synthesis. Azaguanine is incorporated into 
the RNA of Staph. aureus in place of guanine. In Staph. aureus Dunn, 
the formation of the adaptive enzymes, catalase and beta-galactosidase, 
is inhibited by 8-azaguanine at any stage of growth and at any time 
before or after induction. On the other hand, the formation of the 
constitutive enzymes, catalase, and glucozymase, of Staph. aureus 
Duncan is largely resistant to 8-azaguanine. Perhaps RNA which is 


specific for certain proteins such as adaptive enzymes is relatively 


short lived. Unless the correct materials are available for a continuing 
production of this specific RNA, production of that particular protein 
ceases and we have the impression of an obligatory concomitant 
synthesis of RNA and protein. However, the RNA required to produce 
other proteins such as constitutive enzymes, may be relatively stable 
so that protein synthesis can continue long after the synthesis of func- 
tional RNA has been prevented with azaguanine. 

The recent work of KRAMER and Straus (1956) leads to much the 
same interpretation. The penicillin-induced synthesis of penicillinase 
in 4. cereus can be prevented by simultaneous incubation with ribonu- 
clease, but is stimulated by prior incubation with ribonuclease, possibly 
because prior ribonuclease treatment provides an abundant supply 
of RNA precursors. The RNA extracted from a mutant of B. cereus 
in which penicillinase is constitutive actually stimulates penicillinase 
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in the adaptive strain in the absence of penicillin. Most noteworthy is 
that in this case the synthesis of penicillinase ceases after twenty 
minutes, an indication of the short life time of the RNA in the adaptive 
strain. 

In this connection it is worth noting that Hersury (1954) and 
SIMONOVITCH and GRAHAM (1956) contend that in £. coli and in 
Earle’s L strain (mouse tissue culture) there is substantially no break- 
down of either RNA or DNA even during the period of most rapid 
protein synthesis—logarithmic growth through four to eight generations. 


Their techniques would not have detected a rapid turnover of a small 
fraction of the RNA, and their evidence may be re-interpreted as 
indicating extensive re-utilization of nucleotide fragments for nucleic 


acid resynthesis. Despite these reservations, there is a strong suggestion 
that the bulk of the RNA is rather stable. There is thus no conclusive 
evidence that the synthesis of a molecule of protein must be accompanied by 
the simultaneous synthesis of a molecule of ribonucleic acid. 

The chloramphenicol effect is not clear. Because of its structural 
resemblance to phenylalanine and because it appears to stop protein 
synthesis in bacteria, it has been considered to be an amino acid 
antimetabolite. However, its effect cannot be reversed by natural 
amino acids (Hopps e¢ al., 1956), it does not interfere with ‘“‘amino acid 
activation” (DEMoss and Novetiti, 1955), and it does not interfere 
with the incorporation of labelled amino acids into thymus nuclei 
(AtLFREY, Mirsky, and Osawa, 1955), or in a rat liver microsome-pH 
5 enzyme system (M. L. STEPHENSON, private communication). 
SPIEGELMAN (1957) and YCas and BRAWERMAN (1957) have suggested 
that the ability of chloramphenicol to stimulate RNA synthesis during 
amino-acid starvation is due to the need for amino acid cofactors 
which are more available in an organism that is not synthesizing 
protein. In this view, a given aminoacyl nucleotide such as trypto- 
phanyl guanylate could supply tryptophan to a growing peptide or 
guanylic acid to a growing polynucleotide. If no protein is being made, 
a single tyrptophan molecule could be used to supply many guanylic 
acid residues. This interpretation hinges, of course, on the unproved 
assumption that the primary effect of chloramphenicol is to inhibit 


protein synthesis. 


4. Micro-organisms, ruptured cells 

As indicated in Table 1, ribonucleoprotein particles have been isolated 
in excellent yield from a number of micro-organisms and the amino 
acid activating enzymes have been found in thirteen genera of bacteria. 
It would be interesting to see whether these particles and enzymes 
would behave like the ribonucleoprotein particles and pH 5 enzymes 
system from mouse ascites or rat liver. Unfortunately, there is no 
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report of such an experiment. However, a great deal of work has been 
done on bacteria in various stages of disintegration. GALE and FOLKES 
(1955a) report that disrupted cells of Staph. awreus incorporate various 
amino acids and synthesize protein when provided with an adequate 
energy source such as glucose. If only a single amino acid was present, 
it could be incorporated into protein but with no increase in protein. 
An amino acid incorporated in this fashion would be released again if 
the cell fragments were incubated with glucose and the non-radioactive 
amino acid. If all amino acids were present net synthesis and irrever- 
sible incorporation took place. If most of the RNA and DNA was 
extracted from the disrupted cells, incorporation and synthesis were 
inhibited but could be restored with added staphylococcal nucleic 
acids, the effect varying from one amino acid to another. The incorpora- 
tion of labelled amino acids was inhibited by chloramphenicol, 
bacitracin, and penicillin. 

Because of the discrepancy between incorporation of labelled amino 
acids and amount of synthesis, GALE and FoLKes (1955b) studied the 
factors influencing the formation of the constitutive enzymes, “‘gluco- 
zymase”’ and catalase, and the adaptive enzyme, beta-galactosidase, 
in disrupted Staph. aureus. Depending on the degree of cell damage, 
they found that catalase production was stimulated by RNA but not 
by purines and pyrimidines, whereas galactosidase activity developed 
only with purines and pyrimidines but not with RNA. Other more 
damaged cells responded only to DNA. Chloramphenicol inhibited the 


formation of all enzymes while penicillin inhibited the synthesis of 


beta-galactosidase, a rather surprising effect in view of the evidence 
that penicillin interferes primarily with cell wall synthesis (PARK and 
STROMINGER, 1957). More than anything else, these experiments 
emphasize the extreme complexity of the disrupted bacteria and their 
continuing competence to interconvert all sorts of metabolic materials. 

SPIEGELMAN (1957), searching for a simpler system, was able to throw 
away the cell wall by treating B. megateritum with lysozyme under 
hypertonic conditions. This treatment yields protoplasts which are 
substantially living functioning cells lacking the cell wall and in which 
it is possible to digest the nucleic acids with DNAase or RNAase. The 
removal of 30 per cent of the RNA destroyed the protoplast’s ability 
to make beta-galactosidase, whereas enzyme formation was unaffected 
by the removal of 99 per cent of the DNA. However, since the proto- 
plast membrane retains the broken fragments of DNA, it still was 
possible that the DNA fragments are involved in enzyme synthesis. 
SPIEGELMAN proceeded then to protoplasts whose membranes had been 
ruptured by lysing in hypotonic media. In these ruptured protoplasts, 
there was again a precise correlation between loss of RNA and loss of 
enzyme forming capacity and absolutely no correlation with loss of 
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DNA and the DNA fragments. This unambiguous result would have 
eliminated DNA as an immediate factor in protein synthesis except 
that analysis revealed, contrary to all anticipation, that DNA has been 
extensively resynthesized even after 100 per cent of the DNA had been 
extracted from the ruptured protoplasts. In fact, the synthesis of 
DNA in ruptured protoplasts under optimal conditions was ten times 
faster than in a logarithmically growing culture. There was, in addition, 
a vigourous but erratic synthesis of protein and RNA. 

These carefully controlled experiments emphasize the major problem 
in working with whole or fragmented micro-organisms. Along with their 
superb capacity for protein synthesis, the experimenter must accept a 
level of cellular autonomy that can provide many intermediary 
metabolites and even macromolecules such as nucleic acids. Mammalian 
homogenates, rather free from this complic ition, are much less active, 
much more easily damaged, and generally lack incontestable evidence 
of well defined protein synthesis. Assuming that there is fundamentally 
only one mechanism for the synthesis of so vital a material as protein, 
we must assemble the relatively unambiguous evidence from all 


investigations. 


VII. SumMaARY 
The biosynthesis of proteins proceeds from free amino acids, not 
complex peptides. These free amino acids are ‘‘activated’’ by reaction 


= ’ 
iates. 


with ATP and appropriate enzymes to give aminoacyl adeny 


Part or all of the amino acid specificity may be found to be in this step. 
The RNA of protein synthesizing cells appears to be largely in the form 
of ribonucleoprotein particles. In one or more steps, the “‘activated”’ 
amino acids are transferred from their activating enzyme to protein 
associated with the ribonucleoprotein particles. The synthesis of a 
particular protein requires a specific RNA. Although protein and RNA 
are not synthesized in a concerted operation, the short life of some 
RNA makes a continuing resynthesis necessary for the continuing 
production of certain proteins. Within a few minutes, several hundred 
“activated” amino acids can be collected, assembled into a single 
molecule, and released into cytoplasm as an identifiable protein. 
Some proteins may require further modifications after the alpha- 
peptide chain is assembled. The function of DNA in most protein 
synthesis is probably remote. 


VIL. THovucuts on MECHANISM 
It is an enormous stride from such meagre knowledge to an understand- 
ing of the mechanism of protein synthesis. Mechanisms already pro- 
posed or about to be suggested in the near furture will necessarily be 
grossly inadequate and will serve chiefly to emphasize some particular 
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aspect of the problem. Thus, for instance, CHANTRENNE (1948) observed 
that the phenylbenzoyl phosphate and dibenzoyl phosphate were more 
stable toward water and more reactive with glycine than monobenzoyl 
phosphate, from which he concluded that substituted aminoacyl 
phosphates such as aminoacyl nucleotides or aminoacyl nucleic acids 
might be intermediates in protein synthesis. DouNcE (1952), seeking a 
unified picture of nucleic acid and protein synthesis, proposed that the 
phosphate groups were first phosphorylated with ATP to give a 
pyrophosphate derivative. This then would react with appropriate 
amino acids to give phosphoramido links which could react in sequence 
to form a protein and regenerate the nucleic acid. Alternatively, the 
phosphorylated nucleic acid might react with nucleosides to put a 
nucleotide on every phosphorus of the nucleic acid. Like the amino 
acid derivative this would assemble in sequence to regenerate the 
nucleic acid and yield another new molecule of nucleic acid. PoTTEeR 
and Dounce (1956) have recently isolated a complex amino acid- 
nucleic acid material whose chemical behaviour suggests that it might 
be the postulated intermediate. 

On the basis of Maas’ (1953) studies of pantothenic acid synthesis, 
LIPMANN (1954) suggested a scheme of protein synthesis in which the 
template was pyrophosphorylated. ‘The pyrophosphate residues are 
displaced by the carboxyls of amino acids. The template is so con- 
structed that every ‘‘activated” carboxyl is located precisely where it 
can be attacked by the amino group of the adjacent amino acid. The 


polypeptide forms spontaneously and the template is reconstituted. 
KONINGSBERGER (1955) and KONINGSBERGER and OVERBEEK (1953) 


postulated the existence of activating enzymes whose sulphydryl 
groups reacted with ATP and amino acids to give “high energy” 
aminoacyl thioesters. Each activating enzyme would be specific for 
a particular amino acid and would transfer the activated amino acid 
to an RNA phosphate as shown at the left in Fig. 12. The aminoacyl 
phosphoric acid anhydrides would then react spontaneously to form 
the polypeptide. Based on Stuart models of the Watson-Crick structure 
for DNA, they estimated that the interatomic distances would be such 
as to preclude peptide bond formation except at the end of a growing 
peptide chain. The high specificity of the tryptophan activating 
enzyme is consistent with this proposal (Davie et al., 1956). From 
chemical considerations Topp (1956) has postulated the same sort of 
aminoacylated RNA. 

The recent isolation by HOAGLAND and ZAMECNIK (1957) of a MC- 
leucine labelled RNA from the pH 5 enzymes after incubation with 
ATP and 4C-leucine in the absence of microsomes has led them to 
suggest that this aminoacylated “supernatant RNA” is directly 
involved in protein synthesis. They believe that such “supernatant 
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RNA” may be loaded with activated amino acids by the activating 
enzyme and then organized by the ribonucleoprotein particles after 
which spontaneous polypeptide formation occurs. 

Considerable speculation has been centred on the means by which 
information is coded: i.e. how does RNA with four nonidentical units 
uniquely determine the structure of protein with some twenty different 
units? A most intriguing suggestion has been advanced by Crick, 
GRIFFITH, and ORGEL (unpublished). Four nucleotides, A, B, C, and D, 


of protein synthesis. 


Fig. 12. Schematic representation of mechanism 


purine and pyrimidine derivatives. From KONINGSBERGER and OVERBEEK 


(1953, 1955). 


can be arranged to give sixty-four sets of different trinucleotides: 
A—B-C, A—B—D, B—D-A, etc., each of which might be used to ‘‘code’’ 
a single amino acid. 

If RNA consists of a continuous series of such trinucleotides 


sense nonsense 
ATI, re 
A-—B-—D,—C-—D-B,—A-B-A, 
nonsense 


with A-B—D, C—D-B, and A—B-A being the code trinucleotides for 


three successive specific amino acids (sense), it is obvious that the 

combinations B—D-C, D-C—D, D-B-—A, and B-A-B must correspond 

to no amino acid (nonsense). If they made sense, some amino acids 

would fall into place over the commas and interfere with the operation 

of the RNA code. Logic shows that if the code is to be ‘““comma-less”’ 

only twenty of the sixty-four possible trinucleotides may correspond 
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to aminoacids—a remarkable agreement with the number of naturally 
occurring amino acids in protein. On the biochemical level, it is possible 
that each amino acid is transferred from its specific activating enzyme 
in combination with a specific trinucleotide which is mated (adenine 
to uracil, etc.) to specific trinucleotide sequences in the microsomal 
RNA. When these correctly located ‘‘activated’’ amino acids fall into 
place they spontaneously assemble to give the desired sequence. 
Undoubtedly, these ideas will stimulate the search for such nucleotide 


coenzymes. 


Some limitations imposed by physical chemistry may be illustrated 
by the scheme outlined in Fig. 13 (LorrrreLp, unpublished). It is 
proposed that aminoacyl nucleotide anhydrides (possibly guanylates) 
diffuse from the activating enzymes to the ribonucleoprotein template. 
These aminoacyl nucleotide anhydrides are bound by specific R group 
forces (indicated by the fit of the black R groups into the holes), by 
non-specific electrostatic forces between the cationic nitrogen and the 
anionic centres of the RNA, and possibly by interaction of the nucleo- 
tide with the ribonucleoprotein. Either in solution or bound to the 


template there is relatively little tendency for the ‘‘activated’’ amino 
acids to polymerize because the proximity of the nucleotide phosphate 


makes the amino nitrogen strongly cationic and hence not nucleophilic. 
When a nucleophilic amino group of a growing peptide chain 
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approaches from below, there is (1) a nucleophilic attack on the carbonyl, 
(2) the nucleotide phosphate is displaced, (3) the attacking nitrogen 
becomes a weaker base (amide) and loses its proton, (4) as the nucleo- 
tide diffuses away, its electrostatic influence is eliminated, the new 
terminal amino group becomes less basic, loses its proton, making it 
nucleophilic and able to continue the reaction upward. These four 
steps are repeated again and again as the peptide grows. 

The ribonucleoprotein template would have to absorb the aminoacyl 
nucleotides from very dilute solution and hence the binding energy 
would be very great. For example, to ninety-nine per cent saturate a 
specific site from 10-* M solution would require a binding energy of 
about 11 kcal/mole. In order for the completed protein to desorb, 
these binding forces must be dissipated. The non-specific binding is 
destroyed when the amino group loses its positive charge and when the 
nucleotide diffuses away. However, much of the binding energy was 
due to the R group of the amino acid. If alanine (R = methyl) is 
incorporated at a given point in the protein one thousand times more 
frequently than any other amino acid, it follows that the free energy 
of alanyl nucleotide bound to an alanine site is about 6 kcal/mole less 
than the free energy of the other nineteen aminoacyl nucleotides 
bound to the alanine site. That is to say, 6 kcal/mole of the binding 
energy is due in some way to a methyl group which does not change 
during the polymerization. If the sites indicated in Fig. 13 are located 
so that a new C-N bond is badly strained, perhaps 1-7 A instead of 
1-4 A in length, the new bond in proceeding to its lowest energy level 
would literally pull the R group away from the template. In this 
view, part of the abundant free energy of hydrolysis of ATP would be 
used to make an “energized”? peptide bond which in turn would pay 
for amino acid sequence specificity. 

Perhaps the amino acid sequence specificity may be determined by 


specific trinucleotide coenzymes as suggested by the ‘“‘“comma-less code” 


of Crick, GRIFFITH, and ORGEL (unpublished), or the activating 
enzyme may transfer an activated amino acid directly to the correct 
site as in the theory of KONINGSBERGER and OVERBEEK (1953). Regard- 
less of the details of the mechanism, considerations similar to those 
just illustrated must apply. A particular sequence of amino acids will 
require more chemical energy than a random sequence and this extra 
energy must be applied to the making and breaking of chemical bonds 
obeying physical laws. 

Each of these theories was designed only to illustrate a particular 
point dictated by its author’s interests. None is comprehensive and 
it would be impossible to assemble a comprehensive theory by com- 
bining them. We can do no better than to heed the words of Francis 
Bacon, “Jt cannot be that axioms established by argumentation can suffice 
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for the discovery of new works, since the subtlety of nature is greater many 
times than the subtlety of argument.” 
I am indebted to many colleagues in this field who have made their 


work available to me before publication. This review and much of the 


work discussed in it are products of the enthusiastically co-operative 
climate of the Huntington Memorial Laboratories. For their helpful 
criticism, I want to thank my associates—Dr. ZamEcNIK, Dr. Hoaa- 
LAND, Dr. STEPHENSON, Dr. LITTLEFIELD, and especially Dr. KELLER. 
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